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Preface 
 

Part of the work presented in this PhD dissertation has been published in references 

[1,2,3] by Journal of Emissions Control Science and Technology.  

The first paper [1] covers the development of the multi-zone particulate filter model 

developed in this work and presented in parts of chapters 2, 3, 4 and 5 of this dissertation. 

This paper was titled as “Development of a Catalyzed Diesel Particulate Multi-zone 

Model for Simulation of Axial and Radial Substrate Temperature and Particulate Matter 

Distribution” and was published on the Journal of Emissions Control Science and 

Technology in May, 2015. The authors of this publication are Boopathi S. Mahadevan, 

Dr. John H. Johnson and Dr. Mahdi Shahbakhti. Boopathi S. Mahadevan was 

responsible for the development of the model. Dr. John H. Johnson provided the 

technical guidance regarding the experimental data and catalyzed particulate filter 
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catalyzed particulate filter modeling and analysis of the simulation results. 

The Second paper [2] covers the detailed MPF model validation and simulation analysis 
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dissertation.  This paper was titled as “Experimental and Simulation Analysis of 

Temperature and Particulate Matter Distribution for a Catalyzed Diesel Particulate Filter” 
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Model including Cake Permeability” and has been approved for publication in the Journal 
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 ,   Particle Collection efficiency of a single unit collector due to interception [-] 

λ      Effective thermal conductivity of PM cake and filter [W m-1 K-1] 

λf    Thermal conductivity of filter [W m-1 K-1] 

λs    Thermal conductivity of PM cake [W m-1 K-1] 

  Total filtration efficiency [-] 

,    Mean free path length of the gas [m] 

   Mean free path length of the gas at reference condition [m] 

Φ    Partition coefficient [-] 

Ψ     Percolation factor [-] 
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Abbreviations 

 

AR   Active regeneration 

B10   Diesel blend (ULSD) with 10% Biodiesel 

B20   Diesel blend (ULSD) with 20% Biodiesel 

CFD  Computational fluid dynamics 

CPF  Catalyzed particulate filter 

CO   Carbon monoxide 

CO2   Carbon dioxide  

DOC  Diesel oxidation catalyst 

DPF  Diesel particulate filter 

ECU  Electronic control unit 

EKF   Extended Kalman filter 

EPA  Environmental Protection Agency 

FESEM Field emission scanning electron microscopy 

GB  Gigabyte 

HC   Hydrocarbons 

LDA  Laser Doppler Anemometer 

LKF   Linear Kalman filter 

MPF  Multi-zone particulate filter 

MTU  Michigan Technological University 

NO2   Nitrogen dioxide 

NO   Nitrogen monoxide 

O2    Oxygen 

OBD  On-board diagnostics 

PO   Passive oxidation 

PM   Particulate matter 

RAM Random access memory 

RMS  Root mean square 

RU   Ramp up 

SCR  Selective catalytic reduction 

SCR-F  Selective catalytic reduction within filter 
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SEM Scanning electron microscopy 

ULSD  Ultra-low-sulfur fuel 

∆     Pressure drop 

1-D   One-dimensional 

3-D   Three-dimensional  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



xxxv 
 

Abstract 
 

A multi-zone particulate filter (MPF) model along with the extended Kalman filter (EKF) 

based catalyzed diesel particulate filter (CPF) estimator was developed. The model has 

the potential to run in real-time within the engine control unit (ECU) to provide feedback 

on temperature and PM loading distribution within each axial and radial zone of the filter 

substrate. A high-fidelity SCR-F/CPF (selective catalytic reaction in a PM filter – the model 

was applied to CPF) model was developed. A new cake permeability model was also 

developed based on fundamental research findings in the literature to account for the 

potential damage in the PM cake layer during PM oxidation as well as the damage 

recovery of the PM cake layer during post loading of the CPF. This high-fidelity SCR-

F/CPF model was calibrated with eighteen runs of data from a 2007 Cummins ISL engine 

that consisted of passive and active regeneration sets of data for ULSD, B10 and B20 

fuels. The model had a maximum root mean square (RMS) error of 5oC for predicting 

temperature distribution along with the RMS error of 2 g for PM loading and 0.2 kPa for 

the pressure drop.  

A reduced order MPF model was developed to reduce the computational complexity. The 

reduced order model using a 5x5 zone was selected to develop an EKF based CPF state 

estimator. The real-time estimator calculates the unknown states of the CPF such as 

temperature and PM distribution and pressure drop of the CPF using the ECU sensor 

inputs and the reduced order model in order to determine when to do active regeneration. 

A DOC estimator was also integrated with the CPF estimator in order to provide estimates 

of the DOC outlet concentrations and temperature for the CPF estimator. The EKF based 

DOC-CPF estimator was validated on one of the active regeneration experiments and 

results show that the estimator provides improved accuracy compared to the reduced 

order model by taking the feedback of the CPF outlet temperature measurement. Similarly, 

the pressure drop and its components estimation accuracy improved with the CPF 

estimator compared to the reduced order model using the delta-P sensor feedback.  
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1 Introduction 
 

Fuel combustion in an internal combustion engine results in several key air pollutants that 

are known to affect human health. These pollutants are regulated by various 

environmental agencies in the world. In the United States, the Environmental Protection 

Agency (EPA) has regulations to control the exhaust emissions from mobile and stationary 

sources. The major pollutants that are controlled by EPA are oxides of nitrogen (NOx), 

carbon monoxide (CO), total hydrocarbons (THC) and particulate matter (PM). For 

compression ignited diesel engines, the nitrogen oxides and PM emissions are the major 

pollutants. This is mainly because of the lean operating condition of the diesel engines 

and direct injection of fuel (no premixing with the intake air like conventional spark ignited 

engines) into the combustion chamber. The brake specific NOx emission (BSNOx) and 

brake specific PM (BSPM) emission standards set forth by EPA for on-highway heavy duty 

diesel engines over time is shown in Figure 1.1[4]. 

 

Figure 1. 1 EPA emission standards for BSNOX and BSPM for HD diesel on-highway engines [4] 

Several engine technologies and aftertreatment systems have been developed to meet 

these emission standards. To meet earlier emission standards (before 2004), several in-

cylinder methods were used such as turbocharging, reducing the charge temperatures, 

injection timing modulation, high pressure fuel injection system, internal and external 

exhaust gas recirculation. The near zero PM emissions starting from the year 2007 is 
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commonly achieved through aftertreatment systems. The DOC-DPF-SCR systems are the 

most commonly used aftertreatment configuration to meet the 2010 EPA emissions 

standards. In the selective catalytic reduction (SCR) systems, the selective catalytic 

reduction of NOx is achieved through injection of urea into the exhaust gas. The diesel 

oxidation catalyst (DOC) is a flow through device and it is used to oxidize HC, NO and CO 

emissions. By oxidizing NO into NO2, the oxidation of PM in the CPF (NO2 assisted 

oxidation) results in passive oxidation of the PM retained in the CPF. The DOC also acts 

to oxidize fuel dosed in upstream of the catalyst, in order to increase the temperature of 

the exhaust gas into the CPF for active regeneration of the particulate filter. CPFs are wall 

flow devices (both ends of the filter are plugged) and they capture PM emissions on the 

substrate walls initially and then through cake filtration. This causes an increase in engine 

exhaust back pressure over a period time as PM accumulates in the filter, which results in 

increased fuel consumption. The excess loading of PM in the filter also causes the 

temperature exotherms which could damage the substrate material. Hence, the 

regeneration of the CPF is critical for the optimum performance and durability of the filter. 

Rose et al. conducted experiments that showed that overall fuel consumption increased 

due to the increase in back pressure and extra fuel required for regeneration is up to 3.3% 

for Euro 5 compliant 1.4 liter turbocharged diesel engine with B10 fuel during the New 

European Driving Cycle [5]. 

The regeneration of the CPF can be achieved via passive oxidation and active 

regeneration modes. In passive oxidation mode, PM is oxidized using the NO2 in the 

exhaust gas at temperatures as low as 300 to 450o C [6]. In the active regeneration mode, 

the PM is oxidized using the oxygen in the exhaust gas at approximately 550 to 600oC. 

The passive oxidation consumes no extra fuel as it uses the NO2 concentration present in 

the exhaust gas whereas the active regeneration requires high exhaust gas temperatures 

which are usually achieved by dosing the diesel fuel (secondary injection) in the exhaust 

stream or through post injection from the primary injectors. In both cases, there is extra 

fuel consumed to achieve the required temperature conditions for active regeneration. 

Hence, optimum active regeneration frequency would help in improving the fuel 

consumption of the engine. This task is managed by the electronic control unit (ECU) of 

an engine.  
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The knowledge of PM mass retained as function of time is the vital input for an effective 

and efficient active regeneration strategy. The current engine ECU controls the PM loading 

using an internal PM estimator model. The PM estimator model relies on the calibrated 

engine maps, pressure drop across the CPF and temperature measurements to determine 

PM mass retained and regeneration frequencies [7]. Advanced regeneration strategies 

involve simplified CPF models that run real time within the ECU to provide more accurate 

feedback on current PM loading of the filter substrate. By applying simplified models that 

are similar to the ones used during design, development and application of CPFs, the 

regeneration frequency and duration can be optimized based on vehicle operating 

conditions which determine engine operating conditions. This would lead to fuel 

consumption savings and resulting CO2 emissions reduction and also an increase in the 

durability of the CPF. 

The optimum regeneration frequency and duration rely on the accurate prediction of 

temperature distribution within the filter. Due to the heat transfer, cake and wall PM 

oxidation and oxidation hydrocarbon species in the exhaust gas, the CPF filter 

temperature varies spatially (both axial and radial direction) and affects the regeneration 

efficiency of the filter as the PM oxidation reactions are highly temperature dependent. 

Hence, the accurate prediction of temperature distribution within the filter substrate will aid 

in optimizing the regeneration frequency and duration. The prediction of temperature 

distribution within the filter also provides robust diagnostics capability by monitoring the 

CPF temperature (as a virtual sensor) at several locations within the filter. The other use 

of the temperature distribution prediction could be as an alternative to a conventional CFD 

model to calculate axial and radial temperature distribution of the substrate. This could 

reduce significant simulation time and reduce computational resources required during the 

design and development phase of diesel particulate filters.  

Catalyzed particulate filters are used to filter the PM from the diesel exhaust gasses. The 

accumulation of PM within the substrate wall and cake of a CPF leads to a increase in 

pressure drop (back pressure) across the CPF which increases the fuel consumption of 

the engine. In order to reduce the impact of the excess CPF pressure drop on engine fuel 

consumption, the CPF is periodically actively regenerated. Hence, the knowledge of the 

pressure drop across CPF is essential for optimizing the regeneration events (duration 

and frequency of regeneration) of a CPF. Post 2013 engines with selective catalytic 
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reduction (SCR) control also have increased engine-out NOx and NO2 into the CPF which 

results in passive oxidation of the PM [8]. Therefore, these new systems need the pressure 

drop (∆P) monitoring and ECU computation of PM loading and control of active 

regeneration time so that the ∆P is within the bounds expected for the engine operating 

condition and excessive active regenerations are not carried out. The heavy-duty emission 

regulations require on-board diagnostics (OBD) to monitor the performance of the 

emission control system during in-use vehicle operating conditions. The ∆P, temperature 

and PM mass distribution are the key performance indicators of the CPF condition. The 

∆P from a model is necessary for developing an ECU based state estimator that uses the 

vehicle on-board experimentally measured ∆P along with the model ∆P. This is because 

the model can breakdown sources of the ∆P, so wise control action can be taken. 

1.1 Objectives 
 

The main objective of the research is to develop a computationally efficient CPF state 

estimator that runs fast enough (model run time faster than real time i.e. real time factor < 

1) in the engine ECU to predict the filter substrate loading and temperature distribution 

and the pressure drop across the CPF. This goal was accomplished by developing high 

fidelity SCR in filter/CPF (SCR-F/CPF) model that closely simulates the experimental 

temperature distribution data and followed by the development of a reduced order MPF 

for the purpose of optimum CPF state estimation. The high fidelity SCR-F/CPF model 

developed in this thesis is the detailed CPF model without SCR reactions involving of 

ammonia and it is intended for design and development applications of the CPF as a 

replacement to 3-D CFD tools. The SCR reactions for SCR-F filter is being developed by 

Venkata Chundru through his PhD thesis work. The reduced order MPF model is the 

simplified version of SCR-F/CPF model to improve computational efficiency without 

affecting the model accuracy significantly (RMS temperature error < 10oC, PM loading 

error < 3 g and pressure drop error < 0.5 kPa) for aftertreatment control applications. The 

CPF state estimator developed using the reduced order MPF model aids in determining 

the regeneration frequency for the CPF regeneration which reduces the fuel consumption 

and improves the durability of the CPF. The specific objectives of the proposed research 

are: 
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1. Develop a high fidelity SCR-F/CPF model to  

a. Simulate temperature distribution within filter 

b. Simulate filter loading distribution within filter 

c. Simulate Pressure drop across the filter  

d. Develop a calibration procedure and experimental validation of the high 

fidelity SCR-F/CPF model  

2. Carry out a parametric study to determine the required number of zones in the 

reduced order MPF model for aftertreatment control applications 

3. Develop a reduced order MPF model to  

a. Predict temperature distribution within filter 

b. Predict PM loading distribution within filter 

c. Predict pressure drop across the filter  

d. Validate the performance of the reduced order MPF model as compared to 

the high fidelity SCR-F/CPF model  

4. Develop an extended Kalman Filter (EKF) based CPF state estimator that 

connects to a extended Kalman filter based DOC state estimator that uses DOC 

outlet model NO2 concentration and sensor data to  

a. Estimate temperature distribution within the filter 

b. Estimate PM loading distribution within the filter 

c. Estimate pressure drop across the filter 

d. Evaluate the performance of the state estimator with high fidelity SCR-

F/CPF model for steady state and transient test conditions with test cell 

experimental data  

1.2 Overview of Thesis 

 

This dissertation describes the research efforts towards the development of 

computationally efficient CPF state estimator for engine ECU application to predict the 

temperature and PM mass distribution within the CPF and pressure drop across the CPF. 

This Thesis is organized into seven chapters. They are as follows: 1) Introduction; 2) 

Background and Literature Review; 3) Experimental Setup and Data; 4) SCR-F/CPF High 

Fidelity Model Development; 5) CPF Reduced Order Model Development; 6) CPF State 

Estimator Development; 7) Summary and Conclusions. 
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2 Background and Literature Review1 
 

The overall objective of this thesis is to develop a computationally-efficient high fidelity 

SCR-F/CPF model and a reduced order MPF model for predicting CPF temperature and 

PM distribution and pressure drop of the CPF for aftertreatment design, development and 

control applications.  To fulfill the above objective, a detailed study of the published 

literature was carried out. This chapter provides a review of the relevant literature and the 

papers are organized in to six subparts: 1) Simplified models (0-D and 1-D) for ECU based 

controls from previous studies are explored including heat transfer models and their 

assumptions, 2) Study of simplified multi-dimensional CPF modeling efforts (2-D and 3-D) 

3) Research work in the area of multi-dimensional temperature and PM distribution 

modeling efforts 4) Review of experimental investigations related to PM distribution 5) 

Review of research in modeling of CPF pressure drop including wall and PM cake 

permeability 6) Review of efforts in developing state estimators (DOC, SCR state 

estimators) and their experimental validation methods.  

2.1 Simplified Models (0-D and 1-D) for ECU Based Controls 

 

CPF models can be incorporated in the ECU to monitor and optimize CPF performance 

along with the engine performance. Such a model for CPF regeneration was described by 

Kladopoulou et al. [9] using a lumped parameter model approach. This was a 0-D model 

and the simulation relied on time dependence of input parameters. The spatial 

dependence (axial and radial direction) was assumed to be negligible. This lumped model 

included an external heat transfer mechanism by considering conduction through the 

packing material and the can and external ambient heat transfer through convection. 

Subsequently, further advanced model based control techniques were explored by many 

researchers to simplify conventional 1-D models for real time ECU application with 

reasonable accuracy and computational speed compared to conventional map based 

control approaches as presented by Rose et al. [7].  

______________________________ 

1 Parts of the material contained in this chapter are based on references [1, 2,3] with permission of 
Springer. 
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The real time implementation of a 0-D CPF model along with 1-D DOC model were 

presented by Nagar et al. [10] and showed that the 0-D CPF model was able to predict 

the average filter substrate temperature within 25oC. They also highlighted the difficulty of 

initiating regeneration based on ∆P (difference between inlet and outlet pressure of CPF) 

measurement and concluded that PM loading provides more reliable criterion to trigger 

CPF filter regeneration than using ∆P values.  

The 0-D CPF model developed by Nagar et al. assumed internal convective heat transfer 

from filter substrate to exhaust gas as a mechanism to dissipate the energy release during 

PM oxidation. However, the model ignores any conductive heat transfer within the 

substrate. Mulone et al. presented the 1-D CPF model for ECU application for steady state 

[11] and transient operating conditions [12]. The model is based on the single channel 

representation of the CPF. The model was able to predict axial variation in the PM loading. 

However, the model ignored radial temperature gradients in the CPF and hence the radial 

PM loading distribution.  

The resistance node methodology presented by Depcik et al. [13] provides a simplified 

and computationally efficient modeling approach to predict axial and radial temperatures 

of the filter. However, this model assumes uniform inlet temperature and ignores the inlet 

temperature variation along the radial direction of the CPF. This model also ignored the 

oxidation of inlet hydro carbons within the CPF and its effect on the substrate temperature 

and PM distribution within in the CPF. The model also neglected the heat transfer through 

the packing material and can. This model also assumed all the PM in the inlet is deposited 

as a PM cake (100 % filtration efficiency) and ignores the wall PM accumulation and 

overall filtration efficiency of the substrate. Recently, Depcik et al. [14] developed an 

improved ECU based model that combines classical filtration model [15] with the lumped 

model to include PM filtration within the substrate wall which improved the pressure drop 

prediction capability. The classical filtration model developed by Konstandopoulos and 

Johnson along with the newly developed cake permeability model in this research is used 

to develop the multi-zone pressure drop model for the CPF estimator. 

2.2 Multi-dimensional CPF Modeling Efforts (2-D and 3-D) 

Konstandopoulos et al. [16] developed a multichannel model using a multiphase 

continuum approach to simulate spatial non-uniformities in the filter (axial and radial 
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directions). The multiphase continuum model was derived from the discrete multichannel 

description of the CPF. The model worked in a CFD code framework to include the partial 

differential equations in the CPF model. The conduction, convection and radiation heat 

transfer within the filter were considered in the model. This continuum model is 

computationally expensive as it involved a system of several ordinary and partial 

differential equations and the equations have to be solved in a 3-D domain.  

Miyairi et al. [17] developed 2-D thermal conduction model to predict temperature 

distribution within the CPF. This 2-D thermal conduction model was developed by placing 

several quasi 1-D models in radial direction to predict temperature distribution along the 

radial direction. Only the thermal conductance through the solid wall was taken into 

account. This simplified 2-D model was developed to predict temperature distribution 

during regeneration and temperature distribution data was used to carry out thermal stress 

analysis of the substrate. This simplified 2-D model accounted for the thermal PM 

oxidation. However, the NO2 assisted PM oxidation, PM filtration and wall PM oxidation 

models were not included. The energy release due to the oxidation of hydrocarbon in the 

filter was also not included in this model. 

Yi [18] developed a 3-D macroscopic model for predicting PM loading within the filter. The 

model was based on grouping the channels with reasonably uniform inlet conditions and 

solving each group using 1-D model equations. This established a link between 1-D and 

3-D models and reduced the complexity of detailed 3-D simulations. The model did not 

consider PM oxidation (NO2 assisted and thermal O2) within the filter and also neglected 

heat losses from the substrate can of the filter.  

2.3 Multi-dimensional Temperature and PM Distribution Modeling Efforts 

Konstandopoulos et al. [16] developed a continuum based multichannel model and used 

varying PM loading distribution profiles to study PM loading non-uniformities and their 

effect on the regeneration process (duration and maximum filter temperature). This study 

shows that the regeneration time was shorter (20-30% faster regeneration) when the filter 

was loaded more towards the front compared to the uniform loading case for an identical 

total PM loading. The maximum filter substrate temperature between both cases (more 

loading at front versus uniform loading) were close to each other. With inlet radial non-

uniformities in velocity and temperature, the model showed non-uniform temperature 
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distribution as shown in Figure 2.1. This non-uniform temperature distribution resulted in 

partial oxidation of the PM in the filter as shown in Figure 2.2. The partial regeneration 

mainly occurred at the periphery of the filter as the PM at the periphery of the CPF was 

not oxidized due to lower temperatures in this region.  

 

Figure 2. 1 Wall temperature evolution in the filter [16] – Reprinted with permissions from SAE International, 
SAE Paper No. 2001-01-0908. 

 

Figure 2. 2 PM mass fraction evolution of the filter [16] – Reprinted with permissions from SAE International, 
SAE Paper No. 2001-01-0908. 

Yi [18] developed a 3-D macroscopic model to simulate PM loading distribution within the 

filter. This study shows that the PM accumulation is more near the centerline of the filter 
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compared to other sections due to the higher exhaust flow rate at the center section for 

the given test geometry as shown in Figure 2.3. The colors represent local porosity within 

the filter. Lower porosity (blue color) indicates more PM accumulation. 

 

Figure 2. 3 PM loading distribution on a vertical plane [18] -– Reprinted with permissions from SAE 
International, SAE Paper No. 2006-01-0264. 

Miyairi et al. [17] developed a 2-D thermal conduction model to predict temperature 

distribution within the CPF. The model was validated using the regeneration test run on 

the regeneration test burner. The regeneration test was carried out at a temperature of 

600oC and a flow rate of 0.014 kg/sec. From Figures 2.4a and 2.4b, the simulated 

temperature was higher than the measured temperature at the center of the filter as shown 

in Figure 2.4. The temperature gradient simulated between the center and periphery of 

the filter was closely matching with the experimental results. 

Local Porosity
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Figure 2. 4 Measured and calculated temperature distribution for Soot loading of 10 g/l, Inlet gas 
temperature of 600oC, gas flow rate of 0.014 kg/sec and O2 concentration of 10% [17] -– Reprinted with 

permissions from SAE International, SAE Paper No. 2001-01-0912. 

Ranalli, Hossfeld,  Kaiser, Schmidt and Elfinger  [19] also showed similar findings with 3-

D CFD simulations that PM loading is maximum at the central regions of the filter 

attributing it to higher mass flow rate and flow velocity in that section compared to other 

places for the given test geometry. Kostoglou et al. [20] used the continuum based 

multichannel model to illustrate how PM regeneration is affected by the non-uniformities 

in inlet flow and temperature, local hot spots and heat losses from a filter can. The study 

shows that, with the non-insulated filter can and with radially uniform flow and temperature 

conditions, the regeneration efficiency is lower at the outer surfaces of the filter due to 

lower exhaust gas temperature (caused by the thermal boundary layer). Koltsakis, 

Haralampous, Depcik, and Ragonoe [21] presented a comprehensive summary of 3-D 

filter modeling and used PM loading distribution plots to highlight the effect of flow 

maldistribution on filter loading. The 1-D model in references [22,23,24] simulated the axial 

variation in PM cake layer thickness assuming the PM deposition rate is proportional to 

wall flow velocity and showed the increased PM cake layer thickness towards end of CPF 

compared to other sections for the PO and AR cases studied in the reference [23]. The 1-

D model developed in references [22, 23] also needed the corrections to the input data 

while simulating the AR engine experimental data. This is mainly to account for the 

temperature and PM maldistribution and potential PM cake damage during PM oxidation 
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within the CPF. The model developed in this thesis has the potential to overcome the 

problem of the 1-D model not being able to predict delta P under AR transient conditions 

as was shown by Premchand et al. [22] and Premchand [23]. 

2.4 Experimental Investigations to Characterize PM Distribution 

Several experimental techniques have been developed to determine PM distribution within 

the filter. They include both destructive and non-destructive methods. The non-destructive 

methods are advantageous as they allow for repeat tests. Ranalli et al. [19] developed a 

methodology for a qualitative assessment of radial PM distribution of a loaded filter using 

Laser Doppler Anemometer (LDA) analysis and thermographic analysis. This method was 

not capable of analyzing the axial PM distribution within the filter substrate. The LDA 

analysis of the loaded filter showed that the low flow and velocity test conditions yield 

uniform loading of the filter and the higher flow and velocity conditions resulted in non-

uniform loading. This was illustrated with the flow velocity distribution measurements using 

LDA. Figure 2.5 shows the flow velocity distribution measured by LDA at the outlet of the 

CPF for low flow conditions at 9.3 g/L. The velocity peaks indicate the PM distribution at 

various locations of the filter. From Figure 2.5, the velocity peaks are homogeneous across 

the filter and similar to the distribution measured using the empty filter. At high flow 

conditions, the velocity distribution is non-homogenous as shown in Figure 2.6. From 

Figure 2.6, the PM distribution is more at the center of the filter compared to the outer 

sections of the filter. 

 

Figure 2. 5 LDA measured velocity distribution with low mass flow at 9.3 g/l loading [19] – Reprinted with 
permissions from SAE International, SAE Paper No. 2002-01-2158. 
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Figure 2. 6 LDA measured velocity distribution with high mass flow at 9.7 g/l loading [19] – Reprinted with 
permissions from SAE International, SAE Paper No. 2002-01-2158. 

Pinturaud et al. [25] used velocity profiles determined from the anemometer to show the 

radial PM distribution. Based on the experimental study, during loading and active 

regeneration, the PM distribution is uniform in the radial direction. The radial PM 

distribution is more uniform at lower filter loading (<0.7 g/L) and it was ‘quasi-uniform’ at 

the higher level of loading (6.6 g/L). This was attributed to the cone in front of the filter 

causing more PM loading (flow and velocity) towards the center of filter compared to other 

surfaces radially. The axial PM distribution studies were also carried out using scanning 

electron microscopy (SEM). The study shows that PM cake loading is maximum at the 

end of the channel and minimum at the entrance when the filter was loaded to 7 g/L under 

steady state conditions with an exhaust temperature of 250oC. The PM loading of > 1.3 

g/L shows a transition from deep bed filtration to cake filtration. The axial PM distribution 

tends to become more uniform at higher loading compared to lower loading. The study 

also shows that during active regeneration, the PM oxidization tends to homogenize the 

PM distribution along the axial direction. Bensaid et al. [26] carried out an experimental 

study using field emission scanning electron microscopy (FESEM) to determine the axial 

and radial PM distribution of a whole DPF during the loading process. The study shows 

that the PM cake layer thickness along the radial direction is affected by the inlet pipe 

geometry due to the inlet flow distribution. Foley et al. [27, 28, 29] developed a 

methodology to quantify the 3-D PM distribution measured using a terahertz wave scanner 

which is used as the reference in this thesis to compare PM loading trends predicted by 
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the SCR-F/CPF model. Unlike the SEM measuring technique, the terahertz wave scanner 

is one of the non-destructive experimental techniques available to quantify 3-D PM 

distributions within the filter and hence reducing the experimental variations.  

2.5 CPF Pressure Drop Modeling 
 

The pressure drop across the CPF is mainly due to the flow frictional losses in the inlet 

and outlet channels, the PM filtered within the substrate wall through deep bed filtration 

and the PM filtered in the cake layer. The original formulation for pressure drop across the 

wall flow filters using the packed bed filtration theory was developed by Konstandopoulos 

and Johnson [15]. Further, Kladopoulou et al. [9] developed a lumped version of CPF 

model for the pressure estimation for ECU based applications. Haralampous et al. [30, 31] 

derived improved analytical expressions from the 1-D pressure drop model (‘inverse’ 

calculation approach) for on-board assessment of PM mass loading using the on-board 

pressure drop, exhaust flow rate and temperature measurements. These simplified 

analytical expressions accounted for the PM cake permeability dependence on the gas 

mean free path due to slip phenomena. However, the temperature gradient within the CPF 

was not accounted (isothermal model) which affects the pressure drop model and on-

board PM assessment during transients. Recently, Premchand et al. [22-23] developed a 

1-D model for CPF pressure drop prediction. This model used axial momentum equations 

for solving pressure drop across the inlet and outlet channels and Darcy’s equations for 

estimating the pressure drop across the PM cake layer and substrate wall. The 

instantaneous permeability of the substrate wall was estimated using the filtration sub 

models, developed based on packed bed filtration theory [15]. This model discretized the 

substrate wall into several sub-layers and the filtration model was applied at each sub-

layer. Oxidation of the PM within the substrate wall was also modeled [22] in order to 

account for the PM oxidation effect on the substrate wall pressure drop. The 1-D model 

developed by Premchand et al. [22-23] also used the concept of transition permeability to 

determine a start of transition (i.e. cake formation) from the deep bed filtration of PM into 

cake filtration. This model assumed constant cake permeability during loading, PM 

oxidation and post loading phases of the experiment.  This 1-D model showed a good 

agreement in predicting the pressure drop characteristics of a CPF. However, the model 

had to use correction factors to simulate experimental pressure drop during PM oxidation 
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to account for the changing cake permeability. In continuation with the above efforts, this 

thesis focuses on developing a multi-zone pressure drop model using packed bed filtration 

theory along with a cake permeability model [3] for engine ECU applications. Also, the 

correction factors applied in earlier 1-D model [23] was eliminated by applying the newly 

developed cake permeability model developed in this work. 

2.5.1 Wall Permeability 

Pressure drop in the wall and cake is affected by the change in permeability as defined in 

the Darcy’s equation. In differential form Darcy’s flow equation can be written as 

                                                                                                                                                                                                                                                                                                                                                                             (2.1) 

Where  is the differential change in pressure over length of ds.  is the dynamic viscosity 

of flowing fluid and  is the velocity of fluid. The constant  is assumed to be the 

permeability of the solid porous medium.  is not affected by the fluid medium and 

depends on the properties of the solid medium such as porosity, pore size distribution and 

surface area [32]. However, larger values of  have been obtained for gas flow than for 

liquid flows and the value of k varied for each gas. This was attributed to ‘slip’ conditions 

present when the gas flows through the small porous media. The slip flow condition is 

observed for the porous media when the mean free path length of the gas molecules 

approaches the pore size of the porous medium such as substrate wall and PM cake. 

Pulkrabek et al. [32] showed that the permeability of the gases through the porous 

aluminum oxide increases with temperature. The gases (air, nitrogen, and argon) that 

have non-polar molecules of about the same size show similar flow characteristics as a 

function of temperature whereas helium, with its much smaller molecules showed variation 

in flow characteristics compared to the other three gases as shown in Figure 2.7.  
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Figure 2. 7 Apparent permeability ratio (dimensionless) [32] 

2.5.2 Cake Permeability 

Versaevel et al. [33] developed an empirical correlation to predict pressure drop for the 

PM cake layer. The empirical relation was based on the assumption that the product of 

the PM cake layer permeability and PM cake layer density is proportional to the mean free 

path length of the gas.  From references [32-33], the permeability of the substrate wall and 

cake is affected by the change in mean free path length of the gas. Hence, permeability 

evolution as a function of mean free path length of the gas is considered in the SCR-

F/CPF model.  

Konstandopoulos et al. [34] performed in situ permeability experiments on partially reacted 

PM cakes. The experiments showed the evolution of the hydrodynamic resistance ( 	 ) 

of the PM cake as a function of remaining PM cake mass in the sample filter during PM 

oxidation (with 10% O2) for catalyzed and unanalyzed filter. The experiments showed that 

the hydrodynamic resistance of the filter increased rapidly at PM cake mass load of 1  

(≅	 	of initial mass).  
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Daido et al. [35] visualized PM deposition and oxidation in the DPF wall and analyzed the 

oxidation results with the experimental pressure drop measurement. From the 

visualization, it was observed that the PM accumulated inside the wall was oxidized first 

while the cake layer oxidizes simultaneously. This leads to decrease in pressure drop of 

the DPF at the early stages of PM oxidation. Further into the PM oxidation, as the PM 

cake layer thins, the surface accumulation layer suddenly breaks and falls into the DPF 

wall due to intolerable gas flow pressure as shown in Figure 2.8 [35]. This leads to further 

decrease in the pressure drop of the DPF before the pressure drop becomes constant. 

 

Figure 2. 8 Sudden depressions of the PM cake in cordierite DPF [35] – Reprinted with permissions from 
SAE International, SAE Paper No. 2009-01-1473. 

Recently, Choi et al. [36] examined the PM deposition and oxidation in the DPF using a 

bench-scaled DPF test system equipped with an optically accessible DPF reactor and a 

micro-imaging system. They analyzed the correlation between the PM 

filtration/regeneration processes on the filter porous wall and pressure drop across the 

filter. From the experiments, three distinct regeneration stages were observed, each 

showing linear decrease in normalized pressure drop as shown in Figure 2.9. The majority 

of the pressure drop occurred during the second stage of the regeneration with the 

opening of effective pores causing increased wall permeability of the exhaust gas. During 
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the second stage of oxidation, several small holes in the cake were also found by the white 

spots in the image indicating open effective pores.  

                                 

Figure 2. 9 Pressure drop traces during regeneration (with NO2 assist at 400oC) and corresponding 
visualized images and schematic drawings of PM deposition at different stages [36]  – Reprinted with 

permissions from SAE International, SAE Paper No. 2013-01-0528. 

From the above references [35-36], there is a potential that the PM cake layer breaks and 

several holes and cracks are formed within the cake layer during PM oxidation which leads 

to microscopic (affecting microstructure such as local porosity, packing density, particle 

size etc.) and macroscopic (affecting overall thickness of the PM cake layer, PM mass 

distribution etc.) damage in the PM cake layer. The interaction between PM cake deposits, 

its oxidation and resultant change in microstructure of the PM cake is very complex and 

only a few papers in the literature attempted to model this. Shadman [37] proposed 

evolving particle diameter model to account for the PM cake microstructure (thickness, 

density and surface area) evolution during PM oxidation. The PM cake in the model is 

assumed to consist of column of spherical particles stacked one on to top of the other and 

each particle surface shrinks during PM oxidation and losses its height. Considering 

discrete treatment of each particle in the PM cake, the model requires several thousand 

differential and algebraic equations for a typical PM cake thickness found in the heavy 

duty engine applications. Hence, the model is computationally demanding for ECU based 



19 
 

applications. Kostoglou et al. [38] proposed generalized continuum based 1-D model to 

describe the evolution of local PM cake microstructure using the two dimensionless 

parameters (  and ), as the microstructure descriptors  and  are not sufficient to infer 

the evolution of the characteristics particle size  during PM oxidation and hence, affecting 

the accuracy of the hydrodynamic resistance calculation and pressure drop. Further, the 

continuum based 1-D model requires discretization of the PM cake layer along its 

thickness to estimate the evolution of microstructural properties of the PM cake which is 

also computationally challenging for the model intended for ECU based applications.     

Picandet et al. [39] studied the gas flow through the damaged concrete discs (cracked 

porous medium) and observed that the cracks in the porous media increases the gas flow 

proportional to the damage permeability (  as illustrated in Figure 2.10. From Figure 

2.10, the flow thru the damaged porous media 	  can be divided in to two parts. 

First part is, minimum flow through the undamaged porous media 	  proportional to 

initial permeability ( . Second part is, flow through the cracks in the impermeable media 

	 	and it is proportional to the absolute increase in permeability ( . 

 

Figure 2. 10 Gas flow through damaged porous media [39] 

Picandet et al. [39] developed a damage permeability function which is the result of an 

arbitrary choice to obtain an exponential form with a continuous increase and varying initial 

conditions. The relative change in dynamic elastic longitudinal modulus was used as the 

damage variable for analysis with porous concrete discs. In this work, in order to predict 

the changes in the pressure drop during the PM cake oxidation, the cake permeability 

during PM oxidation is estimated by using the concept of permeability evolution 

considering the damage in the porous media and it is explained in Chapter 4 of this thesis. 

Pressure drop during PM oxidation is also affected by the inlet gas conditions 

(temperature, O2 and NO2 concentration). Choi et al. [36] also studied pressure drop trends 

during regeneration under three different inlet gas conditions, with and without NO2 and at 
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two temperatures (400oC and 500oC).  They observed that the NO2 promotes a higher rate 

of oxidation (oxidation duration is shorted by 13 times at 1000 ppm of NO2) and enhanced 

the pressure drop to decrease at about a 13 times higher rate compared to O2 only 

regeneration for similar temperature conditions (500oC).  

From the above review, it is evident that the permeability of the substrate wall and PM 

cake changes during loading and oxidation and this affects the overall pressure drop of 

the CPF. The 1-D model developed by Premchand et al. [22-23] assumed the constant 

permeability during PM cake oxidation. Hence, the model had to use correction factors to 

simulate experimental pressure drop during PM oxidation to account for the changing cake 

permeability. In this research, the experimental data (measured total pressure drop) were 

further analyzed in combination with the simulated pressure drop components (wall and 

channel pressure drop) and found that the permeability of the cake layer changes 

significantly during PM oxidation. The findings from this research is consistent with earlier 

research related to PM oxidation and its effect on permeability and pressure drop [34-36]. 

The modeling of the cake permeability evolution during PM oxidation is using the evolving 

particle diameter model [37, 38] which is computationally challenging for ECU based 

applications. Hence, new cake permeability model (phenomenological model) was 

developed to account for the increase in permeability due to potential cake damage and 

changes in the microstructure of the PM cake. The accurate knowledge of modeled 

pressure drop is essential for optimizing the active regeneration event and in order to 

maintain the performance of the CPF. The computationally-efficient reduced order MPF 

model that predicts temperature and PM distribution within the CPF and ∆P has potential 

for using the model in a ECU based aftertreatment control system. 

2.6 Kalman Filter Based State Estimators for Engine Aftertreatment 

Systems 
 

Kalman filter is the widely used method for tracking and estimation due its simplicity, 

optimality and robustness. It is a recursive filter that can optimally estimate the states of 

the linear system taking into account of system dynamics and inputs [40]. An extended 

Kalman filter is the non-linear version of Kalman filter and retains the linear covariance 

and gain matrices, however uses the non-linear state propagation equations and output 

vector. The unique feature of the Kalman filter is that it incorporates the measurements 



21 
 

and measurement error statistics (approximated as Gaussian) in the estimate. It finds the 

stochastic relations between the model and sensor measurements, and then estimates 

the system states in an optimal approach.  

Kalman filter based digital control techniques were explored by several researchers for 

optimal control of the engine and DOC-DPF-SCR based aftertreatment systems. Chauvin 

et al. [41] developed an air fuel ratio (AFR) estimator from a global oxygen sensor 

measurement using the time-varying Kalman filter model. Their work [41] demonstrated 

the closed loop control of fuel air ratio (FAR) for combustion control applications. Tschanz 

et al. [42] proposed a control scheme that integrates the feedback of the engine out 

emissions of NOx and PM for effective engine out emission control. This controller scheme 

used the model based observer to overcome the slow dynamics of the sensors (NOx and 

PM). This emission controller reduced the variations in emission outputs caused due to 

the drift and transient operating conditions. The sensor measurement of engine out NOx 

is the key input for the emission control of SCR aftertreatment systems. Hsieh et al. [43] 

developed extended Kalman filter based estimator to improve the accuracy of the NOx 

sensor measurement in SCR control applications.  

Guardiola et al. [44] developed an online adaptive algorithm for updating the NOx look-

tables used in the SCR control applications. This adaptive algorithm used simplified 

Kalman filtering due to its capability for tracking the system and parameters during aging. 

Surenahalli et al. [45] developed an extended Kalman filter based estimator for NH3 

storage, NO, NO2 and NH3 estimation in SCR control applications to aid OBD strategies 

to detect system failure modes. Further, Surenahalli et al. [46,47,48] developed an 

extended Kalman filter based DOC observer to estimate the internal states of the DOC 

such as CO, NO, NO2, and C3H6 concentrations and temperatures in the catalyst. Figure 

2.11 shows the schematic of a DOC estimator with all the inputs needed for DOC state 

estimation. The estimator uses the single outlet temperature measurement, in combination 

with the inlet concentrations of CO and HC, inlet exhaust gas temperature, exhaust mass 

flow rate from the engine ECU and the NOx concentration from a NOx sensor. Also, the 

estimator assumes the NO2/NOx ratio of 0.1 to estimate the inlet NO and NO2 

concentrations. 
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In continuation with the above efforts, this research focuses on development of an optimal 

CPF estimator to function with a DOC estimator in order to predict CPF states such as PM 

mass retained, temperature and PM distribution within the CPF and pressure drop across 

CPF for comparing the model to the measured ∆  and regeneration control purposes. 

 

Figure 2. 11 Schematic of a DOC estimator showing all the inputs needed [48] 

2.7 Summary 
 

The relevant literature were reviewed in order to support the development of a 

computationally-efficient CPF model to predict temperature and PM mass distribution and 

pressure drop of the CPF for ECU based applications. Based on the detailed literature 

review, an high fidelity SCR-F/CPF model along with the reduced order MPF model and 

estimator are developed in this thesis to fill the knowledge gap in the literature and address 

the challenges for model-based estimation of CPF for control applications. Specifically, 

the main contribution from this thesis include: 

 Multi-zone modeling approach (axial and radial zones) for ECU applications with 

varying inlet temperature distribution 

 Multi-zone modeling of temperature and PM distribution within the CPF for ECU 

based applications. 

 Varying CPF inlet temperature distribution using fully developed thermal boundary 

layer assumptions and experimental temperature distribution data. 
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 Consideration of the heat transfer mechanism in the high fidelity SCR-F/CPF 

model and the reduced order MPF model (conduction, convection within the filter 

and also to the ambient) intended for ECU applications. 

 Calibration procedure for the multi-zone CPF models and a study of the effect of 

the number of axial and radial zones on model run time and accuracy as related 

to measured filter loading and temperature data. 

 Multi-zone PM filtration and oxidation model accounting for PM accumulation and 

oxidation within the substrate wall and PM cake in each axial and radial zone. 

 Multi-zone pressure drop model accounting for changes in mean free path length 

of gas in wall permeability 

 Development of new PM cake permeability model using damage permeability 

concept 

 Development of new CPF state estimator for PM loading, temperature distribution 

and pressure drop for multi-zone models intended for ECU applications. 
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3 Experimental Setup and Data1 
 

This chapter describes the experimental setup, test procedure and test matrices used to 

record the experimental data used in this thesis. The experimental data from the eighteen 

experiments with three different fuels (ULSD, B10 and B20) were used for the 

development of cake permeability model used in the pressure drop model and calibration 

of PM kinetics of the high fidelity SCR-F/CPF model. The experiment temperature 

distribution data were also measured during these tests and were used to calibrate the 

heat transfer to the ambient, heating and cooling of the filter and validation of the high 

fidelity SCR-F/CPF model for predicting temperature distribution. 

 

3.1 Engine, Fuel and Test Conditions 
 

A 2007 inline 6-cylinder turbo charged direct-injection common rail Cummins ISL 8.9 L 

diesel engine rated at 272 kW with DOC and CPF aftertreatment devices was used for 

this study.  Experimental data, collected by Shiel et al. [49-50] and Pidgeon et al. [51-52] 

at eighteen different operating conditions, was used to calibrate the high-fidelity SCR-

F/CPF model. The specifications of the engine and aftertreatment system are shown in 

Tables 3.1 and 3.2, respectively.  

 

 

 

 

 

 

 

______________________________ 
1 Parts of the material contained in this chapter are based on references [1, 2,3] with permission of 
Springer. 
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Table 3. 1 Specifications of engine [49, 51] 

Model 

Cummins ISL - 272 kW (365 HP) 
and 317 kW (425 HP) 

Year of Manufacture 2007 

Cylinders 6,inline 

Bore x Stroke 115x144.5 mm 

Displacement Volume 8.9 L 

Aspiration Turbocharged 

Aftercooling Charge Air Cooler 

Rated Power 272 kW @ 2100 RPM 

Peak Torque 1695 Nm @ 1400 RPM 

EGR System 
Electronically controlled and 

actuated 

 

Table 3. 2 Specifications of the aftertreatment system used in the experiments [49, 51] 

 DOC CPF Units 

Substrate 
material 

Cordierite Cordierite - 

Cell geometry Square Square - 

Diameter 267 267 mm 

Length 102 305 mm 

Total volume 5.7 17.1 L 

Number of cells 
per unit area 

62(400) 31(200) cells  cm-2 
(cells in-2) 

Cell width 1.09 1.49 mm 

Frontal area 81 69 % 

Channel wall 
thickness 

0.114 0.305 mm 

Wall density NA 0.45 g cm-3 

Specific heat NA 891 J kg-1 K-1 

Thermal 
conductivity 

NA 0.84 W m-1 K-1 

Porosity 35 52 % 

Mean pore size NA 13 µm 

 
The test summary of eighteen test runs used in this research work is shown in Table 3.3 

(six passive oxidation experiments) and Table 3.4 (twelve active regeneration 

experiments). The experiments were performed with three different fuels including ULSD, 
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B10 and B20 blends. The properties of test fuels used for the experiments are documented 

in references [49, 51].  

Table 3. 3 Passive oxidation experiments used for the calibration of the SCR-F/CPF model [49, 23] 

 

Test ID nomenclature – PO-B10-14 means Passive Oxidation Experiment with B10 fuel type and experiment run 14. 

 

Table 3. 4 Active regeneration experiments used for the calibration of the SCR-F/CPF model [49, 23] 

 
Test ID nomenclature – AR-ULSD-1 means Active Regeneration Experiment with ULSD fuel type and experiment run 1. 

 

3.2 Passive Oxidation Experiments 
 

An overview of the passive oxidation experimental test procedure is shown in Figure 3.1. 

The passive oxidation experiment starts with the CPF clean out phase where the engine 

No Test ID

Temp Duration CPF Inlet NO2/NOx CPF inlet O2

PM mass retained
end of post loading

(o C) (min) (ppm/ppm) (% Vol.) (g)

1 PO-B10-14 253 101 112/257 12.6 50.8

2 PO-B10-15 355 81 101/194 8.9 36.9

3 PO-B10-16 408 43 61/209 7.1 35.1

4 PO-B10-17 356 80 90/178 8.7 39.4

5 PO-B20-12 350 81 109/206 9.4 37.1

6 PO-B20-13 403 42 64/204 7.3 36.1

Passive Oxidation

No Test ID

Temp Duration CPF Inlet NO2/NOx CPF inlet O2

PM mass retained
end of post loading

(o C) (min) (ppm/ppm) (% Vol.) (g)

1 AR-ULSD-1 554 15 4/106 7.2 38.4

2 AR-ULSD-2 581 6 7/141 6.9 27.7

3 AR-ULSD-4 526 21 8/122 7.6 35.9

4 AR-ULSD-5 524 22 6/131 7.7 37.1

5 AR-ULSD-6 532 21 4/130 7.7 35.8

6 AR-B10-1 530 26 4/119 7.8 27.9

7 AR-B10-2 528 19 7/110 7.8 27.4

8 AR-B10-4 554 15 3/124 7.5 29.1

9 AR-B20-1 476 35 10/152 8.8 33.0

10 AR-B20-2 503 39 4/138 8 23.0

11 AR-B20-5 528 19 7/140 8.2 18.4

12 AR-B20-6 531 16 10/124 8.2 23.1

Active Regeneration
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was operated at active regeneration test condition (600oC for fifteen minutes to cleanup 

CPF) followed by stage 1 loading of filter with a DOC inlet temperature of 265 +/- 10oC for 

30 minutes. Then the stage 2 loading starts after weighing of the filter at the end of stage 

1. The engine operating conditions for stage 2 loading are the same as those in stage 1. 

The stage 2 loading continues to achieve a target filter loading of 2.2 +/- 0.2 g/L. At the 

end of stage 2 loading, the filter was weighed again and the test was continued further 

with the ramp up (RU) phase for 15 minutes before switching to the passive oxidation 

phase to achieve a stable filter temperature for PM oxidation. 

 

Figure 3. 1 Overview of the various stages of the typical passive oxidation experiment [50] - Reprinted with 
permissions from SAE International, SAE Paper No. 2012-01-0837. 

The engine operating conditions for the RU phase is the same as those in stages 1 and 2 

loading conditions. The purpose of the RU phase is to achieve similar substrate 

temperature as stage 1 and stage 2 loading before PM oxidation. During the stage 2 CPF 

weighing process, the CPF temperature is dropped to a lower value and hence, after 

reinstalling the CPF in the engine, the engine was operated at RU phase (engine operating 

conditions same as stage 2) for 15 minutes to achieve similar stable temperature as stage 

2 loading condition before switching to the passive oxidation phase. Following the RU 

phase, the engine was operated at the passive oxidation test conditions (engine speed 

and load at which there is a significant PM, NO2/NOx ratio and temperatures > 300oC) for 

a pre-determined duration and at the temperatures listed in Table 3.3. Upon completion 
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of the passive oxidation phase, the engine was operated at stage 3 loading conditions 

(engine conditions are the same as stages 1 and 2) for thirty minutes and then the filter 

was weighed to determine the PM loading in the CPF. Then the test was continued further 

with stage 4 loading for sixty minutes and then the filter was weighed again to determine 

post loading weight of the filter. The weighing process was carefully followed to minimize 

the variation in PM loading during weighing and also avoid any potential damage to the 

PM cake within the filter. Any change in the PM cake structure during weighing could result 

in change in the pressure drop trend in the subsequent loading process. There was not 

change in the pressure drop observed after weighing process. All the experiments 

followed similar procedure. The experimental data from these tests (temperature 

distribution, PM loading and pressure drop) are used in this study for the development of 

cake permeability model and for the analysis of the kinetic parameters of the model for 

NO2 assisted PM oxidation, calibration of heat transfer to ambient and heating and cooling 

of the filter. 

 

3.3 Active Regeneration Experiments 
 

An overview of active regeneration experimental test procedure is shown in Figure 3.2. 

The CPF clean out phase, stage 1-2 loading, RU of fifteen minutes and stages 3-4 loading 

are similar to the passive oxidation experimental data. In the RU, the engine was operated 

at stage 2 loading conditions for fifteen minutes or until the DOC inlet temperature has 

stabilized at 265  10oC. Then the active regeneration ramp phase occurs for ten minutes 

or until the DOC inlet temperature has stabilized at 325  10oC . This to stabilize the CPF 

temperature prior at the temperature at which light-off can occur of the ignited fuel to 

achieve active regeneration temperature conditions. The active regeneration stage was 

continued for a predetermined amount of time at the specified CPF inlet temperatures 

listed in Table 3.4. If the active regeneration was allowed to continue for a longer period 

of time other than the specified durations in Table 4, then there would not be enough PM 

within the CPF to obtain an accurate measurement of PM mass retained and consequently 

accuracy of the calculation for the rate of PM oxidation will be affected. 
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Figure 3. 2 Overview of the various stages of the typical active regeneration experiment [52] - Reprinted with 
permissions from SAE International, SAE Paper No. 2013-01-0521. 

3.4 CPF Temperature Distribution Data 
 
Having temperature distribution data is critical for this research for the calibration of the 

SCR-F/CPF model since predicting temperature distribution within the CPF is one major 

contribution from this research work. The experimental temperature distribution data were 

collected from the experimental experiments described in references [49, 51]. For each of 

the eighteen experiments in this study, temperature distribution within the CPF was 

measured using sixteen ungrounded K type thermocouples to determine temperature 

distribution within the filter during each test. These data were used for the heat transfer 

model calibration and validation of the SCR-F/CPF model. Figure 3.3 shows the 

thermocouple layout used for the CPF temperature distribution measurement. The 

thermocouples C1 to C8 were installed on the inlet channel gas flow paths and the 

thermocouples C9 to C16 were installed on the outlet channel gas flow paths. 
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Figure 3. 3 Thermocouple layout used for the CPF temperature distribution measurement [52] - Reprinted 
with permissions from SAE International, SAE Paper No. 2013-01-0521. 

 

 

 

 

Figure 3. 4 Thermocouple layout used for the DOC temperature measurement [52] -- Reprinted with 
permissions from SAE International, SAE Paper No. 2013-01-0521. 

The detailed specifications of the thermocouples are shown in Table 3.5.  
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Table 3. 5 Thermocouple specifications [49, 51] 

Location 

  

Type 

  

Diameter Length(s) Watlow P/N 

  

Body Material 

  (mm) (mm) 

DOC K 0.508 304.8,431.8 AX1078701, PT-227664-001 Inconel 

CPF K 0.8128 304.8,431.8 AX1078801, Special Order Inconel 

Engine Exhaust K 3.175 152.5 ACGF00Q060U40000 Inconel 

 

The CPF thermocouples were placed at four axial locations (at a distance of 32, 98,152 

and 273 mm respectively from the end of the filter) and four radial locations (at diameters 

of 0,110,190 and 244 mm) as shown in Figure 3.3. The thermocouples C1 to C8 were 

installed on the inlet channel gas flow paths and the thermocouples C9 to C16 were 

installed on the outlet channel gas flow paths. The temperature distribution measured by 

thermocouples (C1-C16) for AR-B10-1 experiment at 5.63 hrs (15 minutes after fuel 

dosing) is shown in Figure 3.5 [1]. Figure 3.6 shows the radial temperature distribution 

measured by thermocouples C1-C4 during the entire test duration.  

 

Figure 3. 5 Measured CPF temperature distribution during AR-B10-1 experiment at 5.63 hrs (15 minutes 
after fuel dosing)  
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Figure 3. 6 Measured CPF temperature distribution during AR-B10-1 experiment for thermocouples C1-C4  

 

From Figures 3.5 and 3.6, for active regeneration experiments, the temperatures are 

varying in both the axial and radial directions. The radial variation of temperature is 

comparatively higher (up to 40oC) than the axial variation in temperature (up to 12oC). 

 

Figure 3. 7 Measured CPF temperature distribution during PO-B10-15 experiment at 4.36 hrs (15 minutes 
after fuel dosing) 

 

Exp: Experiment  
A: Axial distance  
R: Radial distance 
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Figure 3. 8 Measured CPF temperature distribution during PO-B10-15 experiment for thermocouples C1-C4 

Figure 3.7 shows the temperature distribution measured by thermocouples (C1-C16) for 

PO-B10-15 experiment at 4.36 hrs (15 minutes after fuel dosing). Figure 3.8 shows the 

radial temperature distribution measured by thermocouples C1-C4 during the entire test 

duration. From Figures 3.7 and 3.8, for the passive oxidation experiment, the radial 

variation of temperature is up to 32oC whereas the axial variation in temperature is very 

small and it is up to 2oC. The radially decreasing temperature is attributed to external 

ambient heat transfer of the filter and inlet flow/temperature maldistribution and the axially 

increasing temperature is attributed to the oxidation of PM and hydrocarbons (HC) within 

the filter during active regeneration along with the heat transfer. The axial increase in 

temperature is low for passive oxidation due to lower rate of PM and HC oxidation 

compared to active regeneration. Without the PM and HC oxidation, the temperature 

would drop axially due to the ambient heat transfer. 

3.5 Temperature Distribution at Filter Inlet 
 

The temperature profile at the inlet of the CPF is not constant across the radial direction 

for the data in Figures 3.5, 3.6, 3.7 and 3.8. This is mainly because of the thermal boundary 

layer development in the upstream of exhaust pipes and the DOC. The thermal boundary 

layer develops when the exterior surface of the pipe is exposed to a different temperature 

than the fluid flowing through the pipe along with a thermal resistance between the exhaust 

gas flow and the external ambient. If the air temperature of outer surface is lower than the 
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exhaust gas temperature, then the temperature of the exhaust gas in contact with the inner 

surface reduces and causes a subsequent drop in temperature of the exhaust gas in other 

regions of the pipe. This leads to the development of thermal boundary layer (similar to 

velocity boundary layer). 

The radial temperature distribution at the inlet of the filter is affected by the thermal 

boundary layer development as explained in references [16, 53, 54, 55]. In order to 

account for the thermal boundary layer development, the empirical temperature factor 

profile is determined by analyzing experimental data from the eighteen runs.  

For a fully developed flow, the temperature factor shown below is constant across the 

length (temperature profile is constant). Hence from the reference [53] 

,

	
0                                                                                                                                                                                                                                                                                   (3.1) 

	 	
	

                                                                                                                                                                                                                                                         (3.2) 

where, 

	  = Mean exhaust gas temperature 

 = Wall inner surface temperature 

 = Temperature at a given radial location 

= Axial location. 

For this modeling work, the temperature factor at the inlet of CPF was determined by 

analyzing the C1, C2, C3 and C4 thermocouple measurements. Figure 3.9 shows the 

temperature factor calculated using Equation (3.2) for all eighteen runs at 0.42 hrs. The x 

axis is the CPF diameter ratio, 0 means center of the filter and 1.0 means outer diameter 

of the filter. The 3rd order polynomial equation was used as the curve fit to represent the 

temperature factor for a given diameter ratio of the CPF and it is given as 

Temperature Factor (x) = -2.493x3 + 1.0585x2 - 0.3285x + 1.7631                        (3.3)                       

where x is the diameter ratio at a given location.  

The diameter ratio is the ratio of CPF diameter at a given measurement location to the 

maximum CPF diameter. From Figure 3.9, the temperature factor is almost constant up to 

CPF diameter ratio of 0.4 (indicating uniform temperature) and drops to 0 value (minimum 



35 
 

temperature) at the CPF diameter ratio of 1.0 (outer radius of the filter). The maximum 

gradient in the temperature factor is observed at the CPF diameter ratio of 0.8 to 1.0, 

attributing that 50% of the radial temperature reduction is in the 20% of the filter section 

close to the outer radius of the filter. From Appendix A, the minimum substrate temperature 

at the outer surface (R = 133 mm) is 4.3% lower than the mean substrate temperature at 

the inlet ( 1.043 . 

  
 

Figure 3. 9 Temperature factor profile at filter inlet for all eighteen runs at 0.42 hrs  

The detailed procedure for developing the thermal boundary layer temperature factor and 

other coefficients used in the SCR-F/CPF model are explained in Appendix A. Using the 

Equations (3.2) and (3.3) and knowing the temperature at one radial location/zone of the 

CPF inlet, the temperatures at the other radial locations can be determined. The SCR-

F/CPF model uses one CPF inlet temperature sensor data to develop thermal boundary 

layer profile for the remaining zones at the CPF inlet. The CPF inlet temperature was 

defined as the average of D7, D8 and D9 thermocouples installed at the outlet of the DOC 

at a diameter of 109 mm, as shown in Figure 3.4. 

The experimental data in this section will be used to develop the pressure drop model 

including the cake permeability model and analysis of the PM kinetics (NO2 assisted and 

thermal O2) for three different fuel types, calibration of the heat transfer from filter to 

ambient and heating and cooling of the filter. The detailed model development, calibration 

and validation with the experimental data are explained in the next chapter.   

Temperature factor 
calculated for experimental 
runs – each line represents 
one test run 
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4 SCR-F/CPF High Fidelity Model Development1 
 

In this chapter, a high-fidelity SCR-F/CPF multi-zone model developed to predict the 

temperature and PM mass distribution of the CPF, pressure drop across the CPF and 

species concentration at each zone and at the outlet of the CPF is presented. The 

temperature distribution of the CPF is simulated using the filter temperature model, PM 

mass retained and distribution was simulated using the PM filtration and oxidation models, 

CPF delta pressure was simulated using the pressure drop model that includes newly 

developed cake permeability model and species concentration at each zone and outlet of 

the CPF was simulated using the species concentration model. The detailed equations 

used in each of the sub-model are explained in this Chapter.    

The high-fidelity SCR-F/CPF model developed in this thesis is an extension of the 0-D 

lumped models developed by Kladopoulou et al. [9], Johnson et al. [56] and 1-D model 

developed by Premchand [23].  The initial version of the multi-zone particulate filter model 

was designed and developed to simulate temperature and PM mass distribution and 

pressure drop of the CPF and published in references [1, 2,3] as a part of this PhD thesis. 

This multi-zone particulate filter model was used as the basis for the development of high-

fidelity SCR-F/CPF model with new architecture to improve computational speed intended 

for design applications as a replacement for complex CFD tools. The high-fidelity SCR-

F/CPF model was designed to model the SCR catalyst on a DPF which is being developed 

by Venkata Chundru through his PhD thesis work. The species concentration solver and 

the improved temperature solver used in this thesis work was developed by Venkata 

Chundru as part of SCR-F model development. 

The high-fidelity SCR-F/CPF model developed in this thesis uses the resistance node 

methodology developed by Depcik et al. [13] and the CPF is modeled as a user 

configurable number of axial and radial zones as shown in Figure 4.1. Figure 4.1 shows 

the schematic of the 4x4 zone model. The results presented in this chapter used the 10x10 

zone version of the SCR-F/CPF model. 

                                                            
1 Parts of the material contained in this chapter are based on references [1, 2,3] with permission 
of Springer. 
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R = Radius of the filter 
L = Length of the filter 
r1,r2,r3 and r4 = Radial distance of each zone from centerline 
∆r1,∆r2,∆r3 and ∆r4  = Effective zone radius 
∆L1, ∆L2,∆L3 and ∆L4 = Effective zone length 

 
Figure 4. 1 4x4 Multi-zone CPF model schematic 

 

The filter and gas energy equation is employed at each zone. The energy equation 

considers the heat transfer within the filter and external to the filter through convection, 

conduction and radiation heat transfer. The energy equation also includes the heat 

transfer to the packing material and metal can. The model also takes into account of the 

inlet temperature distribution assuming the fully developed boundary layer at the inlet of 

the CPF as explained in Chapter 3. The coefficients used for generating the temperature 

profile at the inlet of the filter are explained in Appendix A.  The model accounts for the 

PM filtration and oxidation within the substrate wall and PM cake separately in each zone 

along with the cake permeability. The PM oxidation considers PM oxidation by thermal 

(O2) and NO2 assisted mechanisms using inlet O2 and NO2 concentrations. With the 

inclusion of species concentration solver at each zone, the reactions in the catalyst wash 

coat and substrate walls are also accounted. The reactions in the catalyst washcoat and 

substrate wall provide additional NO2 for PM oxidation. Hence, the PM oxidation equations 

also accounts for the back diffusion of the NO2 in to the PM cake layer. 

The model also accounts for the HC emissions oxidation which are assumed to be within 

the filter. The pressure drop across the filter was calculated using the packed bed filtration 

theory [15]. The pressure drop model used in the SCR-F/CPF model account for the PM 

filtration in the wall and cake, variable wall and cake permeability accounting for the 



38 
 

changes in the mean free path length of the gas and permeability evolution of PM cake 

during PM oxidation and post loading using the newly developed cake permeability model 

[3]. The outputs of the high fidelity CPF model are temperature distribution within the filter 

substrate, inlet and outlet channels, total PM mass retained including masses in the cake 

and wall, PM loading distribution within the filter, species concentration at the filter outlet 

(NO, NO2, CO, CO2, O2, HC, and PM concentration) and pressure drop across the filter. 

The model assumptions are outlined as follows: 

1. The inlet PM deposits uniformly over the entire volume of the filter substrate.  

2. The PM inlet rate into the each zone is assumed to be the ratio of volume of each zone 

to the total volume of the filter. In other words, no maldistribution of inlet PM is 

considered. 

3. Species reactions are instantaneous (quasi-steady). 

4. Species concentrations (O2 and NO2) are assumed to be uniform in the inlet channel 

and are equal to inlet concentrations. 

5. Species concentrations at the outlet channel are equal to the concentration at the wall-

outlet channel interface. 

6. PM cake layer and substrate wall are at the same temperature. In other words, no 

temperature gradients across the PM cake layer and substrate wall are considered. 

7. A fully developed boundary layer exists at the inlet of the CPF. 

8. The exhaust gas mixture is assumed to be an ideal gas. 

9. The exhaust gas has the same properties as air at 1 atmosphere pressure. Properties 

are considered as a function of temperature. CPF inlet species concentrations (CO2, 

O2, N2 and H2O) are used for the calculation of molecular weight of the exhaust gas.  

 

4.1 Model Discretization 
 

Discretization of the filter volume is done in both the axial ( L) and radial directions ( r) 

as shown in Figure 4.1.   Figure 4.2 shows the physical representation of the CPF channels 

with uniform deposition of PM in the cake layer along the walls of inlet channel. In the 

SCR-F/CPF model, the full volume of the filter is discretized into a user configurable 

number of axial and radial zones. Each zone is comprised of multiple inlet and outlet 

channels. The schematic representation of the channel geometry for each zone is shown 
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in Figure 4.3. Each zone consists of the filter substrate, PM cake and empty volume for 

inlet and outlet channels.  

 
ts = Thickness of the cake layer, d = Channel width 

Figure 4. 2 Schematic of the CPF channel geometry with the PM cake layer 

 

 

Figure 4. 3 Schematic for a zone of the SCR-F/CPF model with PM in the cake and wall 

 

4.2 Filter Temperature Model 

The energy stored in the filter is due to a) the heat conduction along the length of the filter 

( . ), b) heat conduction along the radial direction of the filter ( . ), c) 

convection between the filter and the channel gas ( , d) energy released during the 

oxidation of the PM cake ( , , e) energy released during oxidation of the HC in the 

inlet channel gas ( ,  f) enthalpy transfer by the wall-flow gas ( ) and g) 

heat transfer due to radiation exchange between channel surfaces ( .  

Hence the energy equation for the filter is:  
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( , ,

, 		= 

. . , ,                                                                                                                                            (4.1) 

where, 	is the filter substrate temperature. 

The detailed formulation for the terms used in Equation (4.1) is explained in Appendix B. 

The convection heat transfer between the filter substrate and the channel gas is calculated 

using the following equation [17]: 

 = 	 , , 	 , 	 , , 	 	 , 	 , ∆                                                  (4.2) 

where,  	 ,  is the wall layer velocity at each zone, ,  is the density of the gas at each 

zone,  is the specific heat of the gas,  is the heat transfer area normal to the gas flow, 

	 ,  is the temperature of gas at the inlet channel at each zone, 	 ,  is the 

temperature of the gas at the outlet channel at each zone,  is the convective heat 

transfer coefficient between channel gas and wall surface, 	 ,  is the combined surface 

area of the inlet and outlet channels at each zone and ∆  is the axial discretization length 

at each zone.  

The filter temperature model presented in this thesis used the improved temperature 

model developed by Venkata Chundru [57] as part of his PhD research. Figure 4.4 shows 

the schematic of the temperature solver mesh used for the SCR-F/CPF model.  
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Figure 4. 4 Schematic of temperature solver mesh for SCR-F/CPF model [57] 

From Figure 4.4, the new temperature solver model discretizes the each zone in to 

separate control volumes for inlet channels, filter and outlet channels. The filter energy 

equations are applied at the inlet channels (Equation 4.3), filter (Equation 4.1) and outlet 

channels (Equation 4.4).  The model also takes in to the account of thermal resistance of 

the insulation and metal can. The detailed formulation of equations used for the thermal 

resistance calculations are explained in Appendix B. 

The inlet channel energy equation is given as [17,57]: 

,
	 ,

	 , , 	 , 	 , , 	 ,

	 , , 	 	 , 	 , 	 	 , 	 , ∆                                                                                                                                                            (4.3) 

where,  is the inlet channel volume, 	 ,  is the inlet channel velocity and	 		 ,  

is the substrate temperature at each zone. 

Similarly, the outlet channel energy equation is [17,57]: 
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,
	 ,

	 , , 	 , 	 , , 	 ,

	 , , 	 	 , 	 , 	 		 , 	 , ∆                                                                                                                                                    (4.4) 

where,  is the outlet channel volume, 	 ,  is the inlet channel velocity and	 		 ,  

is the substrate temperature at each zone. 

The convective heat transfer coefficient  is calculated using the fully developed 

Nusselt number correlation based on the flow Peclet number and Reynolds number 

through the wall for a square channel configuration. Depcik et al. [58] determined Nusselt 

number correlations from the historical references for Prandtl number of 0.72 

(approximately air). Recently, Bissett et al. [59] and Kostoglou et al. [60] derived Nusselt 

number correlation for wall-flow monoliths for the parameter range applicable for the diesel 

particulate application. From reference [59], the polynomial approximations of Nusselt 

numbers for  3 is given as: 

2.98 0.60 0.143                                                                                                                                                                                                                                                                    (4.5)  

2.98 0.40                                                                                                                                                                                                                                                                                                                                           (4.6) 

 

where, 

 = Average Nusselt number of the inlet and outlet channel 

 = Nusselt number of the inlet channel 

 = Nusselt number of the inlet channel 

 = Thermal conductivity of channel gas 

= Peclet number of wall 

= Reynolds number of wall 

 

4.3 PM Filtration Model 

 

The PM filtration takes place within the substrate wall and the cake. The high-fidelity SCR-

F/CPF model accounts for the PM filtration within the substrate wall and PM cake 

separately.  The packed bed filtration theory [15] is applied for the substrate wall and cake. 

In each zone, the substrate wall is discretized into  (  = 4) number of slabs (n = 

1, 2, 3 and 4) as shown in Figure 4.5. The PM filtration takes place in a sequence starting 
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from the slab 1 through 4. Each slab is configured as a number of spherical wall collectors. 

The wall collector diameter grows as the PM accumulates in the wall until the maximum 

loaded collector diameter. When the wall collector in the first slab is filled with PM, the 

transition from wall filtration to cake filtration takes place. 

 

Figure 4. 5 Schematic of cake and wall filtration and PM oxidation 

The overall efficiency of the filtration is equal to:  

, 1 1 ∏ 1 , 	 	                                                                                                                                   (4.7) 

where, ,  is the PM cake layer filtration efficiency and , 	 	  is the filtration 

efficiency of the each slab in the substrate wall. The detailed formulation of terms used in 

eqn. (4.7) is included in Appendix C and references [22, 23]. 

4.4 PM Oxidation Model 

 

The PM accumulated in the substrate wall and PM cake layer are oxidized simultaneously. 

The PM oxidation includes NO2 assisted and thermal (O2) PM oxidation reactions. The 

oxidation of PM in the PM cake layer is equal to: 

, , , , ,
,

, , , ,
,                                                                                                            (4.8) 
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where, , 	is the PM mass in the PM cake layer at each zone, is the specific surface 

area of PM, ,  is the density of the gas at each zone, , , is the mass fraction of inlet O2 

at each zone, , ,  is the mass fraction of inlet NO2 at each zone, 
,

 is the reaction 

rate constant for thermal (O2) PM oxidation, 
,
is the reaction rate constant for the NO2 

assisted PM oxidation,  is the molecular weight of the carbon, is the molecular 

weight of the oxygen,	 is the molecular weight of the NO2, is the O2 oxidation partial 

factor and  is the NO2 oxidation partial factor. 

Similarly, the PM mass reduction due to oxidation in each slab of the substrate wall is 

equal to: 

, , , , ,
,

, , , ,
,                                                            (4.9) 

where, ,  PM mass in the nth slab of the substrate wall at each zone. The detailed 

formulation of terms used in equation 4.9 is explained in Appendix B. 

4.5 Pressure Drop Model 

 

The total pressure drop in the CPF is the sum of the pressure drops due to the substrate 

wall, PM cake layer and the frictional losses in the inlet and outlet channels. During CPF 

loading, the PM is initially accumulated in the substrate wall (deep bed filtration) and next 

a PM cake layer grows over the top surfaces of the substrate wall. The PM mass within 

the substrate wall and PM cake layer changes during loading, PM oxidation and post 

loading phases of the experiment. This affects the pressure drop of the substrate wall and 

the PM cake layer.  In order to predict the PM retained and oxidation in the filter wall and 

PM cake layer, the PM filtration and PM oxidation sub-models are developed. 

 

4.5.1 Wall and Cake Pressure Drop 

 

The pressure drop due to the substrate wall and the PM cake layer using Darcy’s flow 

equation is given as:  

∆
, , ,

,
                                                                                                                                                                                                                                                                                                                                                                    (4.10) 
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and 

∆
, , ,

,

,
                                                                                                                                                                                                                                                                                                                                                                     (4.11) 

where, ∆
,
	 is the pressure drop due to the substrate wall at each zone, ∆

,
is the 

pressure drop due to the PM cake at each zone,	 ,  is the dynamic viscosity of the exhaust 

gas at each zone, 
,
 is the velocity of gas through the substrate wall at each zone, 

,
 

is the velocity of gas through the PM cake layer at each zone,	  is the substrate wall 

thickness, 
,
 is the PM cake layer thickness at each zone,   ,  is the wall 

permeability at each zone and ,  is the PM cake layer permeability at each zone. The 

detailed formulations of terms used in equations 4.10 and 4.11 are explained in Appendix 

B and C. 

4.5.2 Channel Pressure Drop 

 

The inlet and outlet channel absolute pressure values are calculated using the discretized 

axial momentum equations developed by Premchand [23] by assuming the exit pressure 

of the gas at the outlet of CPF is equal to the barometric pressure. The absolute pressure 

at the inlet and outlet channels of CPF at each zone is given as [23]:  

| , 	 | , | , | , ∆
∗

| ,                                                                                                                                             (4.12) 

| , 	 | , | , | , ∆ | ,                                                                                                                                                                                    (4.13) 

where, | ,  is the absolute pressure at the inlet channel of each zone, | ,  is the absolute 

pressure at the outlet channel of each zone,  is the velocity of the gas through inlet 

channel,  is the velocity of the gas through the outlet channel,  is the friction factor,	∆  

is the axial discretization length,  ∗ is the effective width of the inlet channel loaded with 

PM and  is the width of the clean outlet channel. 

The pressure drop across each axial section of the CPF is given as  

∆ , | |                                                                                                                                                                                                                                                                                                                                                           (4.14) 

The total pressure drop across the CPF is given as 
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∆ 	
∑ ∑ ∆ ,                                                                                                                                                                                                                                                                                                                                  (4.15) 

where, ∆  is the average pressure drop across the CPF based on different volumetric 

exhaust flow rates in each radial section of the CPF,   is the maximum number of 

axial discretization in the model,  is the volume fraction of exhaust gas flow at each 

radial section of the CPF and   is the number of ways of obtaining the absolute 

pressure at the inlet of the inlet channel ( | , ) at each radial section of the filter using 

the stream lines approach as explained in Appendix C. The detailed formulation of the 

pressure drop model is provided in Appendix C. 

Wall Permeability Model 

The substrate wall permeability changes during loading due to the oxidation of PM in the 

pores of substrate wall that changes the wall collector diameter. The permeability change 

due to the change in collector diameter is given as [61]:  

, 	
,

, ,

,

,

,
	

                                                                                                                                                                                                            (4.16) 

where, ,  is initial permeability of the clean substrate wall, , is the current permeability 

of the substrate wall due to the change in collector diameter in each zone, , ,
 is the 

loaded collector diameter at each zone, ,  is the clean collector diameter, ,  is the 

Kuwabara geometric function of porosity for the loaded substrate wall and ,  is the 

Kuwabara geometric function of porosity for the clean substrate wall. 

From eqn. (4.16), the wall permeability is minimum ( 	 , 	when the filter is clean and 

increases proportional to the square of the change in wall collector diameter and porosity 

as the PM accumulates in the wall collector. Similarly, the wall permeability increases 

during PM oxidation as the PM in the wall collector is oxidized leading to a reduction in 

wall collector diameter and porosity. The change in porosity  is given as [61]: 

, 	
1 ,

,
1 ,

	

                                                                                                                                                                                                                                      (4.17) 

where, ,  is the clean substrate wall porosity and  ,  is the PM loaded porosity of the 

substrate wall due to the change in collector diameter in each zone. 
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The permeability of the gas flowing through the substrate wall also changes due to the 

change in mean free path length of the gas. Hence, permeability of the substrate wall 

correcting for the mean free path length of the gas is given as [32]: 

, , 1 ,                                                                                                                                                                                                                             (4.18) 

Where,	 ,  is the average permeability of the substrate wall accounting for the PM loading 

in the wall collectors of each slab at each zone and ,  is the average permeability of 

substrate wall accounting for the mean free path length of gas at each zone. The effect of 

mean free path lengths on the loaded wall permeability is mainly due to the presence of 

the PM particles in the pores. This effect is minimum for the clean wall considering the 

wall pore size compared to mean free path length of the gas. 

4.5.3 Cake Permeability Model 

 

Similar to the substrate wall permeability, the PM cake layer permeability also changes 

during PM loading and oxidation due to the change in mean free path length of the gas. 

Hence, the change in PM cake layer permeability due to the change in mean free path 

length of the gas is given as [33]: 

,
, 	                                                                                                                                                                                                                                             (4.19)  

where, 
,
	is the PM cake layer permeability accounting for the changes in mean free 

path length of the gas at each zone,  is the cake permeability correction factor, ,  is 

the mean free path length of the gas and  is the mean free path length of the gas at 

reference pressure (100 kPa) and temperature conditions (300 K). 

Damage Permeability Hypothesis for PM Cake  

During PM oxidation, the cake layer breaks as it is oxidized and holes and cracks are 

formed as visualized by former researchers [35, 36].  

The increase in permeability of PM cake due to the potential damage in the cake can be 

modeled using a damage permeability function given in reference [39]:  
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, ,

 
                                                                                                                                                                                                                                                      (4.20) 

where, , is the PM cake layer permeability accounting for the damage in the PM cake. 

The change in PM mass retained in the PM cake is used as the varying damage 

variable	 	 ,	 	

,	
.The calibration coefficients ,	 , 	 ,  

and  are determined from the experimental data. 

4.5.3.1 Development of Cake Permeability Model 

For the development of cake permeability model, the experimental pressure drop values 

were analyzed along with the simulated pressure drop components (wall pressure drop 

and channel pressure drop) to estimate the average cake pressure drop during PM 

oxidation and post loading phases of the experiment. The direct experimental evidences 

such as visual evidences using the high speed imaging techniques shown in references 

[35-36] were not available for these experiments. However, the visual evidences in 

references [35-37] were correlated with the measured pressure drop, indicating the 

pressure drop is the direct evidence of change in cake permeability. Hence, in this work 

the measured total pressure drop values along with the simulate pressure drop from wall 

and channel pressure drop models are used to estimate the cake pressure drop and 

subsequent change in permeability of PM cake layer. 

The main objective of the experimental analysis is to obtain the single value for the 

pressure drop components from the multi-zone (axial and radial zones) model so that 

measured average total pressure drop can be used to estimate the average cake pressure 

drop and cake permeability of the CPF. 

The total experimental drop (∆  is the sum of the substrate wall, PM cake layer and 

channel pressure drops and it is given as:  

∆ ∆ 	 	 	 	 	 	

	
	∆ 	 	                                                    (4.21) 

                                             

where, 	  is the average dynamic viscosity of the exhaust in the CPF,  is the 

average velocity of the exhaust gas through the cake layer in the CPF, 	  is the 

average PM cake layer thickness in the CPF,  is the average PM cake permeability 
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in the CPF, ∆ 	 	 	is the volume weighted substrate wall pressure drop simulated 

by the SCR-F/CPF model and ∆ 	 	  is the total pressure of the inlet and 

outlet channels simulated by the SCR-F/CPF model. 

  

From eqn. (4.21), PM cake layer pressure drop can be estimated as:  

.	 	 ∆ 	 	 	∆ 	 	                                    (4.22)     

 where,  is the experimentally measured total pressure drop and ∆ 	 	  is 

given as 

∆ 	 	 ∑ ∆
	

                                                                                                                                                                                                                       (4.23) 

The average wall pressure at each radial section (∆  of the filter from the SCR-F/CPF 

model is given as:  

∆ 	 ∑
, ,

	 ,

,	 ,
	                                                                                                                                                                                                                                                   (4.24) 

The estimated permeability of the PM cake layer at a given time step is calculated as:  

. 		
	 	 	 	

.	
                                                                                                                                                                                                                                               (4.25)                             

The relative change in the estimated permeability is calculated as:  

	 	 	 .

	
                                                                                                                                                                                                                                                                                                                   (4.26) 

Where 	  is the reference permeability value used for the permeability ratio 

calculation. Permeability ratio is a dimensionless number and it is the measure of the 

relative change in permeability from the reference permeability value. The reference 

permeability is selected to a value that provides close to 1 permeability ratio during stage 

1 and 2 loading process. This is to aid analysis of the change in permeability during PM 

oxidation and post loading with reference to the stage 1 and 2 loading permeability values. 

Figures 4.6 and 4.7 show the plots of permeability ratio calculated using Equations 4.22 

to 4.26 during the passive oxidation and active regeneration experiments. From Figures 
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4.6 and 4.7, the permeability ratio is nearly constant for all experiments at the start of PM 

oxidation (≅ 35 g for PO experiments and ≅ 36 to 42 g for active regeneration 

experiments) and remains constant during PM oxidation. Partly into the PM oxidation (i.e., 

below 31 g for PO experiments and 34 g for active regeneration experiments), the 

permeability ratio increases rapidly. This rapid increase in permeability is observed in all 

the experiments and it is attributed to damage in the PM cake layer causing increased gas 

flow with less pressure drop as explained in the literature section. 

 

Figure 4. 6 Change in permeability ratio during the passive oxidation experiments 

 



51 
 

 

Figure 4. 7 Change in permeability ratio during the active regeneration experiments 

From Figures 4.6 and 4.7, the slope of the permeability increase is also almost the same 

for all PM oxidation experiments indicating that the global gas flow is controlled by the 

similar cracks (similar sized holes, gaps and crack density) between experiments. Hence, 

by shifting each of the permeability curves by an x axis offset value (delta mass offset) 

yields one single characteristic curve which results in a single permeability ratio curve 

during PM oxidation for all experiments.  

The PM cake permeability model developed in this work borrowed the modeling elements 

from the concrete permeability model developed by Picandet et al. [39]. However, there is 

a salient difference between the cracked concrete compared to the cracked/damage PM 

cake. In case of cracked concrete, the concrete slab thickness or mass is constant 

whereas for the PM cake the thickness and mass are dynamic variables. In case of 

concrete, the damage permeability model proposed by Picandet et al used the relative 

decrease in dynamic elastic longitudinal modulus (a dynamic variable that changes based 

on crack density and intensity) of a cracked concrete disc as an indicator of damage and 

was correlated to the increase permeability. Similarly, for the PM cake damage 

permeability model presented in this work, the PM cake mass retained as the damage 

variable coupled with PM oxidation rate as an indicator of the damaged PM cake ( a set 

of dynamic variables that can be correlated to damage PM cake). Considering the 
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exponential nature of the permeability curves in Figures 4.6 and 4.7, the permeability ratio 

values are limited to 10 (least resistance to the flow) to avoid singularity as the PM mass 

retained approaches smaller values. 

The delta mass offset value of the PM cake layer varies between the experiments and 

also based on the fuel type. Figures 4.8 and 4.9 show the delta mass offset value for the 

passive oxidation and active regeneration experiments for ULSD, B10 and B20 fuels. It 

can be attributed that the increased permeability of the PM cake layer caused by the 

initiation of microscopic and macroscopic cracks shows strong correlation with the PM 

reaction rates (time, temperature and oxidant involved in PM oxidation – NO2 versus O2) 

and hence overall PM reaction rate is used as the predictor (delta mass offset) to 

determine the PM cake damage initiation point in the SCR-F/CPF model. The overall PM 

reaction rate is given as: 

	 	 	
∑

, , , , , , , ,,
,

	
         (4.27) 

where, 	 	 	  is the average PM reaction rate of the CPF at each time 

step of the SCR-F/CPF model.                                 

From Figures 4.8 and 4.9, the delta mass offset holds negative values at lower PM reaction 

rates indicating increase in PM cake permeability occurs at higher masses (early in 

oxidation) of the PM cake layer. Based on fuel type, experiments with ULSD fuel shows 

increase in PM cake permeability at higher masses of the PM cake layer compared to B10 

and B20 fuels. Similarly, comparing between passive oxidation and active regeneration 

experiments, passive oxidation experiments show a permeability increase occurs earlier 

in PM cake oxidation exposure compared to the active regeneration experiments. This 

could be attributed to lower reaction rates associated with NO2 assisted PM oxidation.  

From the above analysis, it is assumed that the change in delta mass offset between the 

experiments can be attributed to the varying PM oxidation rate affected by the 

temperature, NO2 and O2 concentration in the inlet exhaust gas. At higher PM reaction 

rates, the PM cake layer is oxidized rapidly in a short time and allowing significant 

reduction in the mass of the PM cake layer before initiation of the microscopic and 

macroscopic cracks in the PM cake layer. At lower reaction rates, the PM cake layer 
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cracks are initiated at the higher mass of the PM cake layer as the cake layer is exposed 

to an oxidizing environment for a longer time without significant reduction in mass.  

 

Figure 4. 8 Delta mass offset for passive oxidation experiments 

 

Figure 4. 9 Delta mass offset for active regeneration experiments 

The delta mass offset from the above analysis is applied to each curve. Figures 4.10 and 

4.11 show the resultant single set of permeability ratio curve for the passive oxidation and 

active regeneration experiments, respectively.  
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Figure 4. 10 Relative change in permeability ratio during passive oxidation experiments with delta mass 

offset 

 

Figure 4. 11 Relative change in permeability ratio during active regeneration experiments with delta mass 

offset 

Applying eqn. (4.20) developed by Picandet et al. [39] to the single set of permeability 

curves developed for the CPF, the damage permeability model coefficients 
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( , , , and	 , 	are determined by fitting it to the mass offset 

corrected permeability data shown in Figures 4.10 and 4.11.  

Figures 4.12 and 4.13 show the damage permeability model curve fits (Eqn. 4.20) for the 

passive oxidation and active regeneration experiments. 

The damage variable  is calculated as: 

	 ,	 	

,	
                                                                                                                                                                                                                                             (4.28) 

where, ,	  is the initial mass of the PM cake layer at the beginning of the PM 

oxidation and 	  is the current mass of the PM cake layer after applying the delta 

mass offset value. The delta mass offset value for each type of fuel is calculated as (from 

Figs. 4.8 and 4.9): 

	 	 8 	ln	 	 	 	 9                                                       (4.29) 

	 	 8 	ln	 	 	 	 9                                                 (4.30) 

where, 	 	  and 	 	  are the delta mass offsets for the 

active regeneration and passive oxidation experiments, respectively. 8  and 8  are 

the slopes of the delta mass offset equation for the active regeneration and passive 

oxidation experiments determined from Figs. 4.8 and 4.9. Similarly, 9  and 9  are 

the constants of the delta mass offset equation determined from Figs. 4.8 and 4.9. The 

slopes and constants are obtained by fitting (linear fit) the delta mass offset values to the 

overall PM reaction rates. 
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Figure 4. 12 Relative change in permeability ratio during passive oxidation experiments with delta mass 

offset in Fig. 4.8 

 

Figure 4. 13 Relative change in permeability ratio during active regeneration experiments with delta mass 

offset in Fig. 4.9 

From Figures 4.12 and 4.13, the experimental cake permeability ratios are approximately 

2 (for damage variable < 0.3) at the beginning of the PM oxidation indicating the selected 

reference permeability is lower than the experimental permeability by 50%. The cake 

permeability at the beginning of the PM oxidation varies between the experiments due to 

slip flow corrections in the model. However, the fitted damage permeability model using 

Equation (4.20) sets the undamaged PM cake permeability ratio to 1 and permeability ratio 

increases rapid as the damage variable increases over 0.3. This allows independent 
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application of damage permeability corrections that are separate from the other model 

corrections such as slip flow correction. 

From Fig. 4.12, the PM cake permeability for passive oxidation experiments is calculated 

as: 

, ,

	  
                                                                                                                                                                                                                                               (4.31) 

Similarly, from Fig. 4.13, the PM cake permeability for active regeneration experiments is 

calculated as: 

, ,

	  
                                                                                                                                                                                                                                                 (4.32) 

where, , is the PM cake layer permeability accounting for the damage in the PM cake 

during PM oxidation (NO2 assisted and thermal), 
,
	is the PM cake layer permeability 

accounting for the changes in mean free path length of the gas at each zone,	  is the 

damage variable,  and  are the multiplicative constants for the passive oxidation 

and active regeneration experiments, respectively. Similarly, and	  are the power 

constants for the passive oxidation and active regeneration experiments, respectively.  

The cake permeability model parameters determined from the above analysis (Figs. 4.8, 

4.9, 4.10 and 4.11) are listed in Table 4.1. 
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Table 4. 1 Calibrated parameters of the SCR-F/CPF model cake permeability for three different fuels for 

pressure drop model 

 

 

In the SCR-F/CPF model, the ,	  parameter defines the undamaged cake mass. 

This can be calibrated to higher or lower mass depending on the allowed filter loading 

levels for other applications. For the experiments studied in this thesis, the maximum 

loading is close to 40 g and the damage in the PM cake occurs at PM cake masses below 

≅ 34 g as shown in Figures 4.6 and 4.7. For each experiment, the damage variable  is 

calculated and the resulting damage permeability is applied during the PM oxidation event. 

The damage to the PM cake occurs during the oxidation event which is tracked by the 

oxidation status flag which monitors the difference in the cake mass between previous 

and current time steps. The magnitude of the damage is determined from the damage 

permeability Eqns. 4.31 and 4.32. Once the oxidation is complete, the damage recovery 

of PM cake happens through variables (C10 & C11) during the post loading phase of the 

Symbol
PM cake layer permeability model 

parameters
ULSD B10 B20 Units

C8th
Slope of delta mass offset for thermal PM 

(O2) oxidation
5.8899 11.08 5.422 (s‐g)

C9th
Constant of the delta mass offset for thermal 

PM (O2) oxidation
33.405 74.86 39.94 (‐)

C8NO2
Slope of delta mass offset for  NO2 ‐ assisted 

PM oxidation
not appl. 2.38 7.722 (s‐g)

C9NO2
Constant of the delta mass offset for NO2 

assisted PM oxidation
not appl. 18.46 62.49 (‐)

αkO2

Multiplicative constant for cake permeability 

model of themal (O2) PM oxidation
(‐)

αkNO2

Multiplicative constant for cake permeability 

model of NO2 assisted PM oxidation
(‐)

βkO2
Power constant for cake permeability model 

of thermal (O2) PM oxidation
(‐)

βkNO2
Power constant for cake permeability model 

of NO2 assisted PM oxidation
(‐)

mcake,initial Initial mass of the undamaged PM cake (g)

1.92

2.35

3.6

6

40
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experiments. The formulations of post loading permeability equations are explained in 

Appendix C. 

To apply varying cake permeability model in an ECU for transient operating conditions 

and general drive cycles, the oxidation status flag (as explained above) along with the 

monitoring of the cake PM mass relative to the wall PM will aid in determining the various 

states of the CPF such as loading, oxidation and post loading. In the SCR-F/CPF model, 

the permeability of the PM cake during the loading stage is calculated using Equation 4.19. 

The PM cake permeability during PM oxidation is calculated using Equations 4.31 and 

4.32 for passive oxidation and active regeneration experiments respectively. The post 

loading permeability of the PM cake is calculated using Equation D.1. This varying cake 

permeability model accounts for various operating conditions (loading, PM oxidation and 

post loading) and drive cycles of the CPF including damage in the cake during PM 

oxidation and should be able to be applied based on actual operating conditions of the 

CPF although this is not explored in this thesis.  The cake permeability model also could 

be applied to the general occurrence of the passive oxidation during the drive cycles by 

monitoring the oxidation status flag along with the PM oxidation rates. The model 

presented in this research accounts for the varying oxidation rates using the Eqns. (4.29) 

and (4.30) although the model is yet to be validated on the representative drive cycles. 

4.6 Species Concentration Model  

The species solver used in this research was developed by Venkata Chundru [57] and is 

included in this thesis for complete description of the SCR-F/CPF models. In the high 

fidelity SCR-F/CPF model, mass conservation of chemical species are accounted at each 

zone. Each zone consists of inlet channel, PM cake layer, substrate wall and outlet 

channel. The following assumptions were used while solving the chemical species 

equations [23] 

1. Reactions are instantaneous (quasi-steady) 

2. Exhaust gas density is constant within each zone (cake, catalysts and wall 

control volumes) 

3. Concentration of the individual chemical species at the inlet channel and PM 

cake layer boundary is equal to the inlet concentration of the CPF 
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4. Concentration of the individual chemical species at the outlet channel is equal to 

the substrate wall and outlet channel interface. 

5. Species concentration in the cake and wall is uniform (wall and cake have 

uniform concentration throughout the zone) 

Table 4. 2 Chemical reactions considered in the high-fidelity SCR-F/CPF model 

Chemical Equations 
Reaction Rate 

Variable 

18 → 12 12   

12 →   

1
2

↔   

C O 	→ 2 0.5 CO 2 1 CO  

	∝ 		 0  →	∝ 	NO + 2 ∝  CO + ∝ 1  CO2  

 

The differential form of quasi-steady species conservation equation is given as [23] 

∑ 	                                                                                                                                                                                                                                                                                               (4.33) 

where  is the mole fraction of chemical species  in the cake+catalyst+wall control 

volume,  is the effective diffusivity of the chemical species , the  co-ordinates denotes 

the traverse direction (direction normal to the gas flow) or into-the-wall direction,  is 

the molecular density of the exhaust gas mixture in the cake+cat+wall control volume, 	  

is the stoichiometric coefficient of species  in reaction  and  is the rate of reaction .  

The effective diffusivity  is given as [23]: 

, 	

                                                                                                                                                                                                                                                                                                                                                                                                                                                     (4.34) 

where ,  is the molecular diffusivity and 	  is the Knudsen diffusivity of the 

chemical species. 

The detailed formulation of the terms in equation (4.33) and (4.34) are explained in 

reference [23]. 
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The reaction rates for HC, CO and NO oxidation reactions are given as [23]: 

	

                                                                                                                                                                                                                                                                                                                                                    (4.35) 

	

                                                                                                                                                                                                                                                                                                                                                                            (4.36) 

	

                                                                                                                                                                                                                                                                                                                    (4.37) 

where  is the pre-exponential factor for the HC oxidation reaction,  is the 

temperature order of dependence of the HC oxidation reaction, 	  is the activation 

energy for HC oxidation reaction,  is the molar concentration of the ,  

is the molar concentration of ,  is the inhibition factor for the HC oxidation reaction, 

 is the pre-exponential factor for the CO oxidation reaction,  is the temperature 

order of dependence of the CO oxidation reaction, 	  is the activation energy for CO 

oxidation reaction,  is the molar concentration of the CO,  is the inhibition factor for 

the CO oxidation reaction,  is the pre-exponential factor for the NO oxidation reaction, 

 is the temperature order of dependence of the NO oxidation reaction, 	  is the 

activation energy for NO oxidation reaction,  is the molar concentration of the NO,  

is the equilibrium constant for the NO oxidation reaction and  is the inhibition factor for 

the NO oxidation reaction. The detailed formulation of the terms used in equations (4.35), 

(4.36) and (4.37) is explained in reference [23]. 

4.7 Numerical Solver 

The model formulation involves simulation of the time varying temperature within the CPF 

from node to node. Hence, an explicit solver scheme was used to determine the 

temperature at each time step. The explicit solver estimates the filter substrate 

temperature for a time step (t) using temperature values from the previous time step (t-1). 

This approach is relatively simple to setup and program, however ∆  must be less than 

the limit imposed by stability constraints [62,63]. The temperature for the new time step 

with the explicit solver method can be expressed mathematically as (for i = 2 to imax and 

j = 1 to jmax) 
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_ _ , 	 	 _ _ ,

. . , ,

, ,
	∆ 	                                                                                                                                                  (4.38)                           

where,  

 

 ∆t is the time step for the solver. 

The explicit method is easy to use but it is not unconditionally stable and the largest 

permissible value of ∆t is limited by the stability criterion. For larger time steps, the explicit 

method oscillates widely and diverges from the actual solution. In general, the stability 

criterion is satisfied when the primary coefficients of all temperature terms in the Equation 

(4.41) are greater than or equal to zero for all nodes [62]. Since the time step for each 

term is different, the practical approach to this problem is to use the most restrictive time 

step. From reference [62], the 1-D convection problem for a plane wall, the time step is 

expressed as 

 

∆ 	 	
∆

∝
∆                                                                                                                                                                                                                                                                                         (4.39) 

Where, ∆  is the discretization length (minimum of ∆L or ∆r), α is the thermal diffusivity of 

the filter substrate. However, considering the heat transfer between filter and channel gas, 

α is minimum at the gas side and hence   

	 	
	

                                                                                                                                                  (4.40) 

where,	 	 = Thermal conductivity of exhaust gas 

    =  density of exhaust gas 

   = Specific heat capacity of exhaust gas 

	 	 = Convective heat transfer between filter substrate and channel gas. 

 

Using the Equations (4.39) and (4.40), the initial values of time step can be determined. 

The high fidelity SCR-F/CPF model includes conduction, convection and radiation terms 

together. Further, the chemical species terms also involve advection schemes (convection 

+ diffusion) which further reduces the time step. The multi-zone particulate filter model 

developed in references [1, 2,3] used the fixed step discrete solver with the model step of 
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0.01 seconds for temperature solver. In order to increase the speed of the simulation 

where in thermal gradients are small, the new SCR-F/CPF model architecture developed 

by Venkata Chundru and Prof. Gordon Parker used the variable time step solver with the 

minimum time step of 1e-8 seconds and the maximum time step of 2 to 10 seconds (varies 

between the experiments based on temperature or species concentration gradients with 

input data). Also the model outputs are treated as continuous states in the Simulink block 

which uses the derivatives model to determine the current state using the ODE15s stiff 

solver. This also reduced the model run time significantly. The relative and absolute 

tolerance in the solver is set as 1e-3.  

4.8 High Fidelity Model Calibration Process 

The high fidelity SCR-F/CPF model requires the calibration of parameters and time varying 

input parameters to simulate the performance of the CPF. The time varying input 

parameters are generated using the experimental data explained in chapter 3. The SCR-

F/CPF model is calibrated using the eighteen experimental runs from references [49, 50, 

51, 52].The detailed list of model inputs and model calibration process is outlined in this 

section.  

The SCR-F/CPF model has set of input variables, constants and calibration parameters. 

The model needs to be parameterized in order to simulate the temperature and PM mass 

loading distribution within the filter substrate. The input variables include 

1) Instantaneous exhaust mass flow rate ( ) 

2) CPF inlet temperature (Tin) 

3) CPF inlet concentrations including NO, NO2, O2, CO, CO2, N2, HC (C12H24) and 

PM 

4) Ambient temperature and pressure 

The overall objective of the calibration process is to simulate the axial and radial PM 

loading distribution, temperature distribution and pressure drop of the CPF. The goal is to 

achieve agreement with the total experimental PM mass retained within 2 g, RMS 

temperature of outlet gas error within 6oC and RMS pressure drop error within 0.3 kPa. 

This was achieved by the three-step calibration process shown in Fig. 4.14 and described 

by the following steps. 
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1) Calibration of cake PM oxidation: The objective of this step is to determine the initial 

PM kinetic parameters for cake and wall PM oxidation while simulating the PM mass 

retained and experimental temperature distribution data. The values of cake PM 

kinetic parameters (ANO2 cake, ENO2 cake, AO2 cake and EO2 cake) are determined using the 

model calibration procedure explained in this section and also in reference [1]. The 

wall PM kinetics (ANO2 wall, ENO2 wall, AO2 wall and EO2 wall) are set same as the cake PM 

kinetics.  

2) Calibration of pressure drop model: The objective of the pressure drop model 

calibration is to simulate pressure drop across CPF during loading, PM oxidation and 

post loading phases of the experiment. The detailed pressure drop model calibration 

is explained in this section. 

 

3) Re-calibration of cake PM oxidation: The pre-exponentials of the cake PM oxidation 

(ANO2 cake, AO2 cake) was re-calibrated to account for the changes in the wall PM oxidation 

in step 2. Nelder-Mead Simplex optimization method [64] is used to calibrate the cake 

PM oxidation pre-exponentials.  
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Figure 4. 14 Model calibration flow chart 

Calibration of Cake PM Oxidation 

For the model calibration and results presented in this work, 10x10 SCR-F/CPF model 

was used. The overall objective of the calibration process was to simulate the axial and 

radial PM loading distribution to agree with the total experimental PM mass retained within 

2 g. This was achieved by the two-step calibration process shown in Fig. 4.15. 

1. Calibration of PM oxidation: PM kinetic parameters (ANO2, ENO2, AO2 and EO2) are 

determined in this step. The calibration of PM kinetic parameters from the engine 

experiments are preferred over synthetic gas based lab reactor experiments because, 

the engine experiments  provides representative PM composition, residence time and 

operating temperatures of the filter for calibration. Hence, the PM kinetic parameters 
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determined from the engine experiments can be directly used in the SCR-F/CPF 

model. The objective of the first step is to minimize the error between the simulation 

and the total experimental PM mass retained.  

2. Calibration of heat transfer coefficients: Convective and radiation heat transfer 

coefficients (hamb and Ɛr) are determined from this step. In addition, the filter substrate 

density (ρf) is found. The substrate density along with other thermo physical properties 

(thermal conductivity, substrate density and PM density) of the filter changes during 

the filter loading. Hence, in order to simulate the change in thermo physical properties 

of the filter, the filter substrate density is also considered as the one of the calibration 

variable in the SCR-F/CPF model. Depcik et al [13] showed in their model calibration 

efforts that the model accuracy could be improved during temperature rise portion of 

the experiment by optimizing the filter substrate density. The objective of this step is 

to minimize the RMS temperature error between the simulation and the experimental 

data measured by the sixteen CPF thermocouples during the loading, PO/AR and post 

loading phases of the experiments. 

 

Figure 4. 15 PM oxidation calibration flow chart 

The calibration process starts with the initial assumption of calibration parameters. The 

initial values of the calibration parameters were determined from the references [13, 21, 
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23 and 65].  All eighteen runs are simulated and the results are compared with the 

experimental data. To improve the model accuracy, the calibration process is repeated if 

the PM mass loading error exceeds 2 g and the RMS outlet gas temperature distribution 

error exceeds 6 oC. Details about the calibration process for the two steps are explained 

next. 

 

Step 1: PM Kinetics Calibration Procedure 

The objective of the PM kinetics calibration procedure is to simulate the experimental total 

PM mass retained within the filter at each of the four stages of loading. This was achieved 

by determining NO2 assisted PM oxidation kinetic parameters (ANO2 and ENO2) and thermal 

(O2) assisted PM oxidation kinetic parameters (AO2 and EO2) from the experimental runs 

(passive oxidation and active regeneration). The error term em in Fig. 4.15 represents the 

error between simulated and experimental PM mass retained at each of the four stages 

of loading. The tasks involved in the PM kinetics calibration are: 

1. Determine the NO2 assisted PM kinetics (ANO2 & ENO2) from the passive oxidation 

experiments keeping other parameters constant. Optimization is done in Matlab®  

using Nelder-Mead Simplex method [64]. Matlab function fminsearch is used to 

minimize the error between SCR-F/CPF model simulation and the experimental PM 

mass retained.  The error value of 1 g is used as the target for the Simulink design 

optimization at the end of each of the stages of loading.  

2. Use the NO2 assisted PM kinetics (from task 1) to determine the thermal (O2) assisted 

PM kinetics from the active regeneration experiments keeping other parameters 

constant in the model.  

3. From the PM kinetics determined from tasks 1 and 2, use the Arrhenius plots to 

determine the optimum PM kinetic parameters for each type of fuel. 

4. From tasks 1, 2 and 3, determine one set of PM kinetic calibration parameters (ANO2, 

ENO2, AO2 & EO2) for each type of fuel (ULSD, B10 & B20)  

 

Step 2: Heat Transfer Coefficients Calibration 

Similar to step 1, Nelder-Mead Simplex optimization method [64] is used to calibrate the 

heat transfer coefficients in the SCR-F/CPF model. The heat transfer coefficients and filter 
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density values are varied keeping all other parameters constant in the model. The 

objective of the optimization routine is to minimize the RMS temperature error between 

the simulation and the experimental temperature data measured by the sixteen 

thermocouples during loading, PO/AR and post loading phases of the experiment. The 

RMS error of 2oC (during steady state operating condition) is used as the target for 

optimization.  

The resulting model parameters from the 2-step calibration procedure are shown in Tables 

4.3, 4.4 and 4.5. Simulation results and experimental validation of the SCR-F/CPF model 

with calibrated parameters are provided in the next section. The model constants C1 to 

C6 were determined from the thermal boundary layer formulation as explained in Appendix 

A. 

Table 4. 3 SCR-F/CPF model constants 

 

Symbol Description Units Values

F Radiation view factor [-] 0.011

C1
DOC radial temperature 
distribution factor 1

[-] -2.493

C2
DOC radial temperature 
distribution factor 2

[-] 1.0585

C3
DOC radial temperature 
distribution factor 3

[-] -0.3285

C4
DOC radial temperature 
distribution factor 4

[-] 1.7631

C5
DOC mean to surface 
temperature ratio

[-] 1.0425

C6
DOC temperature sensor 
offset

[-]
0.0273*Tin-
2.4996

ρpm PM density kg m3 104

Sp Soot Surface Area m-1 5.5x107

Cpair Specific heat of air J kg-1 K-1 Using 
Equation C.1

μ Dynamic viscosity of air N s m-2 Using 
Equation C.2

λf
Thermal conductivity of 
substrate wall

W m-1 K-1 1

λp
Thermal conductivity of 
PM cake layer

W m-1 K-1 2.1

αO2
O2 combustion partial 

factor
[-] 0.8

αNO2
NO2 combustion partial 

factor
[-] 1.75
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Table 4. 4 Calibrated parameters of the SCR-F/CPF model for PM kinetics for three different fuels 

 

Table 4. 5 Calibrated heat transfer coefficients and filter density for the SCR-F/CPF model 

 

 

Calibration of Pressure Drop Model 

The objective of the pressure drop model calibration is to simulate the wall filtration and 

cake filtration regimes and the pressure drop during loading, PM oxidation and post 

loading phases of the experiment. The pressure drop model is calibrated by following a 

eight-step calibration procedure. Figure 4.16 shows the respective region of each 

calibration step on a typical pressure drop data plot. Figure 4.16 shows the simulated 

channel, cake, wall and total pressure drop along with the total experimental pressure 

drop trend over the entire experiment.  

 

The initial model calibration values for wall and cake filtration parameters (k0w, ktrans, k0,cake, 

C1wpm, C2wpm, C3, C4, α0,cake, Aeff cake, C5, C6 and C7) were determined from earlier 

references [22, 23, 32, 33]. The parameters were further calibrated to simulate the 

experimental pressure drop by following the steps explained below. The following 

numbered steps refer to Fig. 16. 

1. First, the initial wall permeability (k0,w) is calibrated to simulate the clean wall pressure 

drop trend as shown in Figure 4.16 for the time periods of 0-0.2 hours. 

PM oxidation Symbol Description Units ULSD B10 B20

ANO2
Pre-exponential for NO2 -

assisted PM oxidation
m K-1 s-1 0.0070 0.0060 0.0078

ENO2
Activation energy for NO2 -

assisted PM oxidation
kJ gmol-1 60.8 64.1 63.1

AO2

Pre-exponential for Thermal 

(O2) PM oxidation
m K-1 s-1 0.090 0.710 0.720

EO2

Activation energy for Thermal 

(O2) PM oxidation
kJ gmol-1 139.0 151.8 148.9

NO2 - assisted

Thermal (O2)

Symbol Description Units Values

hamb Convection heat transfer coefficient W m
‐2
 K

‐1
4.0

Ɛrext External radiation coefficient [‐] 0.08

ρfilter Filter density kg m
‐3

449
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2. The transition permeability (ktrans) is calibrated to simulate transition from wall 

permeability to cake permeability regime as shown by 2 in Figure 4.16.  

3. The cake permeability correction factor C5, cake layer porosity (1-αo,cake) and maximum 

cake efficiency parameter (Aeff cake) are calibrated to simulate the linear increase in 

pressure in the cake filtration regime.  

 

Figure 4. 16 Illustration of pressure drop model calibration steps 

4. As the PM accumulates in the wall collector, the wall packing density changes which 

affects the total pressure drop. Hence, the wall packing density parameters C1wpm and 

C2wpm are calibrated based on the mass of PM in the wall collectors. 

5. The permeability of the wall and cake is affected by the change in mean free path 

length of the gas. Hence, the wall permeability correction factor (C4) and cake 

permeability correction (C5) are applied in the model. The correction factors C4 and C5 

for the wall and cake permeability corrections have to be optimized to minimize the 

pressure drop simulation error during loading as well as any change in pressure and 

temperature conditions of the gas considering the phenomenological nature of the 

model in Equations 4.18 and 4.19. 
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6. The wall pressure drop during PM oxidation is calibrated in this step. The wall PM 

oxidation pre-exponential is calibrated to simulate the pressure drop trend at the end 

of PM oxidation. This is mainly because, at the end of PM oxidation (passive oxidation 

and active regeneration), the permeability of cake layer increases significantly due to 

potential damage in the cake as explained in earlier sections. Also, most of the PM in 

the wall is oxidized in the earlier stages of PM oxidation because of the total PM in the 

wall pores are smaller than the cake and also increased oxidation rate of PM in the 

pores compared to PM cake layer [36]. Nelder-Mead Simplex optimization method [64] 

is used to calibrate the wall PM oxidation pre-exponentials. The objective for the 

optimization scheme is to minimize the pressure drop error between experimental and 

simulation data at the end of PM oxidation by optimizing the wall PM kinetics. 

7. With calibrated wall PM oxidation, the constants of the cake PM permeability models 

(C8NO2, C8th, C9NO2 and C9th) are determined. 

8. During post loading, the permeability of the cake layer reduces as the open holes and 

cracks are refilled with PM. The reduction in permeability varies between PM oxidation 

types (passive oxidation versus active regeneration). In the SCR-F/CPF model, it was 

determined to use the same post loading permeability constants for passive and active 

regeneration experiments as explained in Appendix C. The post loading permeability 

variables C10 and C11 were calibrated to simulate the pressure drop trend during the 

post loading phase of the experiment.  

The resulting model parameters from the 3-step calibration procedure are listed in Tables 

4.6, 4.7, 4.8 and 4.9. Table 4.6 also shows model parameters used in the 1D model 

developed in reference [1]. Simulation results and experimental validation of the SCR-

F/CPF model with calibrated parameters are provided in the next section. 
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Table 4. 6 Pressure drop model constants 

 

 

Table 4. 7 Calibrated parameters of the SCR-F/CPF model for cake PM kinetics for three different fuels for 

pressure drop model 

 
 

Parameter Description SCR‐F/CPF 1‐D Units

k0,w Initial permeability of substrate wall 5.42E‐14 1.19E‐13 (m
2
)

k0,trans Transition permeability of substrate wall 8.00E‐14 7.00E‐14 (m
2
)

C1wpm

First constant for wall packing density 

calculation 3.7 2.2 (1/m
3
)

C2wpm

Second constant for wall packing density 

calculation 0.48 1.48 (kg/m
3
)

C3

Ref. pressure for wall permeability 

correction 103.25 not appl. (kPa)

C4 Wall permeability correction factor 110 not appl. (‐)

αo,cake Initial solidosity of PM cake layer 0.05 0.05 (‐)

k0,cake Initial / ref. permeability of PM cake layer 7.01E‐15 7.00E‐15 (m
2
)

Aeff,cake

PM cake maximum filtration efficiency 

parameter 0.95 0.95 (‐)

C5 Cake permeability correction factor 3.38E‐13 not appl. (kg m
‐1
)

C6 Ref. pressure for lambda correction 100 not appl. (kPa)

C7 Ref. temperature for lambda correction 300 not appl. (K)

C10 Slope for post loading cake peremeability

‐0.036 (PO),   

‐0.058 (AR) not appl. (‐)

C11 Constant for post loading cake permeability 3.087 not appl. (‐)

Substrate Wall

Wall PM

PM cake layer

PM Oxidation Symbol PM cake layer ULSD B10 B20 Units

ANO2,cake
Pre‐exponential for NO2‐assisted 

PM oxidation
0.0007 0.006 0.006 m / K‐s 

EaNO2,cake
Activationn energy for NO2‐

assisted PM oxidation
60.8 64.1 63.1 kJ/gmol

Ath,cake
Pre‐exponential for thermal (O2) 

PM oxidation
0.09 0.71 0.72 m / K‐s

Eath,cake
Activationn energy for thermal 

(O2) PM oxidation
139 151.8 148.9 kJ/gmol

NO2‐ assisted

Thermal (O2)
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Table 4. 8 Calibrated parameters of the SCR-F/CPF model for wall PM kinetics for three different fuels for 

pressure drop model. 

 

 

Calibration of Species Concentration Model 

The objective of the species concentration model calibration is to accurately simulate the 

NO, NO2, O2, CO and CO2 concentration at each zone as they affect the PM oxidation and 

temperature distribution at each zone. The initial values for the activation energies and 

pre-exponential factors were obtained from reference [23]. The pre-exponential and 

activation energies were further optimized to simulate experimental outlet concentration 

of NO, NO2, CO and C12H24. Table 4.10 shows the optimized calibration parameters for 

the high-fidelity SCR-F/CPF model.  The NO2 back diffusion term (tortuosity of the PM 

cake layer) was optimized to simulate the NO2 concentration at the outlet of the CPF. 

Table 4. 9 SCR-F/CPF model species kinetics 

 

4.9 Simulation of High Fidelity Model 

The single set of calibration parameters (Tables 4.3 – 4.10) determined from the 

calibration process was used for the SCR-F/CPF model simulation of passive oxidation 

PM Oxidation Symbol Substrate wall ULSD B10 B20 Units

ANO2,wall
Pre‐exponential for NO2‐assisted 

PM oxidation
0.020 0.019 0.020 m / K‐s 

EaNO2,wall
Activationn energy for NO2‐

assisted PM oxidation
60.8 64.1 63.1 kJ/gmol

Ath,wall
Pre‐exponential for thermal (O2) 

PM oxidation
0.14 1.27 2.17 m / K‐s

Eath,wall
Activationn energy for thermal 

(O2) PM oxidation
139 151.8 148.9 kJ/gmol

NO2‐ assisted

Thermal (O2)

Catalytic 

Reaction
Symbol PM cake ULSD B10 B20 Units

ANO Pre‐exponential for NO oxidation m / K‐s 

EaNO
Activationn energy for NO 

oxidation
J/kmol

ACO Pre‐exponential for CO oxidation m / K‐s

EaCO
Activationn energy for CO 

oxidation
J/kmol

AHC Pre‐exponential for HC oxidation m / K‐s

EaHC
Activationn energy for HC 

oxidation
J/kmol

HC oxidation

6.00E+08

4.35E+07

NO oxidation

CO oxidation

3.48E+05

1.87E+07

5.00E+09

4.35E+04
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(PO-B10-15) and active regeneration experiment (AR-B10-1). The results are presented 

in the following section. The high-fidelity SCR-F/CPF model summary for PM mass 

retained and pressure drop for all eighteen experiments are shown in Appendix E. 

4.9.1 Passive Oxidation Experiments 

The parameters summary of passive oxidation experimental data used for the model 

calibration are listed in Table 3.3. From Table 3.3, the filter substrate temperature during 

passive oxidation is between 250 and 400oC. During passive oxidation, most of the PM 

mass retained in the filter substrate is oxidized by the NO2 assisted PM oxidation 

mechanism and the PO experiments were run for 42 to 101 minutes in order to carry out 

the PM mass oxidation. The slower rate of PM oxidation during PO oxidation experiments 

affect the heat transfer, temperature and filter loading distribution within the filter. The NO2 

assisted PM oxidation also affects the wall and cake PM oxidation rates and thereby the 

pressure drop trends. This is mainly because of the differences in the reaction rates with 

NO2 assisted PM oxidation mechanism (passive oxidation reaction rates are 7.5 to 8.5 

times lower than active regeneration reaction rates) [2] and its effect on overall PM loading 

and temperature distribution. The SCR-F/CPF model accounts for the NO2 assisted PM 

oxidation using Equations 4.8 and 4.9. The results of one such passive oxidation 

experiment are presented in the following section.  

Filter Outlet Temperature 

Figure 4.17 shows the comparison of model outlet gas temperature with the experimental 

outlet gas temperature along with the CPF inlet temperature measured upstream of the 

CPF. From Figure 4.17, the simulation prediction error is within 2oC excluding the 

temperature spikes related the experimental procedure and transition phase of moving in 

and out of the PO phase of the experiment. 
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Figure 4. 17 Comparison of experimental and model CPF outlet gas temperature with model input CPF inlet 

gas temperature for PO-B10-15 experiment 

Temperature Distribution 

Figure 4.18 shows the experimental temperature distribution measured by all 16 

thermocouples and Figure 4.19 shows the temperatures simulated by the high-fidelity 

SCR-F/CPF model at 4.36 hrs (15 minutes after switching to passive oxidation engine 

operating condition). The engine operating condition at 4.36 hrs is chosen to compare the 

model prediction accuracy at high temperature regions of the experiment. The inlet 

temperature to the SCR-F/CPF model was simulated using the Equation 3.3 and the inlet 

mass flow rate fraction was simulated using volume ratio of the inlet channels in each 

zone while accounting for the average PM cake layer thickness at each zone as shown in 

Equation (4.41).  

  

,
,

∑ ,
                                                                                                       (4.41) 

 

where, , 	is the exhaust gas mass flow rate at each zone 

 is the total exhaust mass flow rate into the CPF 
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, 	is the empty volume in each zone while accounting for the average PM cake layer 

thickness. 

 
Figure 4. 18 Experimental temperature distribution in oC for PO-B10-15 experiment at 4.36 hrs. (15 minutes 

after switching to PO operating condition) 

 

Figure 4. 19  Simulated temperature distribution in oC for PO-B10-15 experiment at 4.36 hrs. (15 minutes 

after switching to PO operating condition) 

From Figure 4.19, it is evident that the SCR-F/CPF model follows the experimental data. 

The maximum absolute temperature difference between the experimental and simulation 
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data is ≅	11oC.  From Figure 4.19, the filter substrate temperatures for radiuses greater 

than 80 mm are approximately constant as a function of axial distribution. A slight increase 

(1-2oC) in axial temperature is due to the local PM and HC oxidation. The substrate 

temperature close to the wall shows a slight decrease in temperature due to the dominant 

convection heat losses to the ambient compared to the local PM and HC oxidation. 

Comparing Figures 4.19 with 4.18, the CPF inlet temperature distribution at filter axial 

lengths of < 50 mm is about 5oC lower in the model compared to the experimental data. 

This is mainly due to the differences in estimated inlet temperature distribution using 

Equations 3.1 to 3.3 (thermal boundary layer equations and general curve fit for all 

eighteen experiments) compared to the measured temperature distribution. Figure 4.20 

shows the SCR-F/CPF simulated temperature distribution by closely simulating the 

measured temperature distribution at the inlet of the CPF (axial length < 32 mm, C1, C2, 

C3 and C4 thermocouples in Figure 3.3). Comparing Figures 4.18 with 4.19, the simulated 

temperatures within the CPF closely matches with the experimental temperature. The 

maximum absolute temperature difference between the experimental and simulation data 

is ≅ 7oC and RMS temperature difference is ≅ 3oC. Hence, the inlet temperature 

distribution has to be as accurate as possible for the accurate estimate of temperature 

distribution within in the CPF. 

 

Figure 4. 20 Simulated temperature distribution in oC for PO-B10-15 experiment at 4.36 hrs. (15 minutes 

after switching to PO operating condition) with closely simulated measured inlet temperature distribution 
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Filtration 

Figure 4.21 shows the comparison of the total filtration efficiency (mass basis) between 

the experimental data and simulation model along with the distribution of filtration 

efficiency into PM cake and substrate wall for PO-B10-15 experiment on mass basis. From 

Figure 4.21, the total filtration efficiency simulated by the SCR-F/CPF model is comparable 

with the experimental data measured during stage 2 loading (97% - shown as purple ‘o’ 

marker). Wall filtration efficiency at the beginning of the stage 1 loading is minimum (≅ 44 

% at 0.01 hrs) and increases to ≅	50% at the end of wall filtration (at 0.5 hrs). During stage 

2 loading, the wall filtration increases slightly (up to ≅	50.3% at 3.8 hrs) due to changes in 

wall packing density caused by the continued loading of PM in the pores of the substrate 

wall. Wall filtration efficiency further increases during ramp up phase (up to ≅	59% at 4.1 

hrs)   due to the increase in diffusion of PM into the pores of the substrate wall. Further, 

during PM oxidation, PM in the substrate wall is oxidized and hence, wall filtration 

efficiency approaches close to the clean wall filtration efficiency (≅ 45 % at 5.45 hrs). 

During post loading, the wall filtration efficiency increases at a slower rate as most of the 

PM is filtered through the PM cake. The cake filtration efficiency is minimum at the 

beginning of the stage 1 loading (≅ 5 % at 0.1 hrs). The rapid increase in cake filtration 

efficiency occurs during transition from wall filtration to cake filtration regimes when the 

top surfaces of the substrate wall are covered with PM. The cake filtration efficiency 

increases to  ≅ 79 % at 0.5 hrs at the end of stage 1 loading. During stage 2 loading, the 

cake filtration efficiency increases to 94% and remains at 94% during the entire 

experiment. The loaded PM cake filtration efficiency in the SCR-F/CPF model is calibrated 

to simulate the overall filtration efficiency measured during experiments by calibrating the 

maximum PM cake filtration efficiency parameter ( ) in Equation (4.42) [22, 23] 

	 , 1
, ,

	 ,                                                                                                                                                                                                                                                                   (4.42) 
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Figure 4. 21 Comparison of experimental data and simulation model total filtration efficiency and distribution 

of filtration efficiency into PM cake and substrate wall for PO-B10-15 experiment on mass basis 

PM Mass Retained 

Figure 4.22 shows the cumulative PM mass retained in the filter in comparison with the 

cumulative inlet PM mass, cake and wall PM masses. Most of the PM (≅ 94 % at the end 

of stage 2 loading at 3.85 hrs) in the CPF is captured in the PM cake layer through the 

cake filtration as shown by the blue solid line in Figure 4.21. During stage 1 loading (< 0.5 

hrs), most of the PM is captured within the pores of substrate wall (wall filtration regime) 

followed by the cake filtration regime (> 0.5 hrs) where in most of the incoming PM is 

captured as a PM cake layer on the top surface of the substrate wall. The PM mass in the 

substrate wall is maximum (≅ 2 g) at end of stage 2 loading compared to the PM mass in 

the cake (≅ 32.1 g). Most of the PM mass in the substrate wall is oxidized during the PM 

passive oxidation stage and wall PM mass is reduced to < 0.5 g. The PM accumulates at 

a slow rate in the substrate wall during post loading (>5.46 hrs) compared to stage 1 

loading due to the presence of the PM cake layer on the top surfaces of the substrate wall 

which has a ≅ 94 % filtration efficiency shown in Figure 4.21. 



80 
 

 

Figure 4. 22 Comparison of PM mass retained in the experimental data and simulation model along with the 

model cumulative for PM inlet, cake and wall PM masses for PO-B10-15 experiment. 

Figure 4.23 shows the cumulative PM mass retained in the filter in comparison with the 

cumulative inlet PM mass and PM oxidation mass. NO2 assisted PM oxidation (99%) is 

the dominant mode of PM oxidation shown by the dashed line because of the NO2 

concentration (101 ppm). The thermal (O2) assisted PM oxidation is low (< 0.3 g) 

compared to NO2 assisted PM oxidation due to the lower exhaust gas temperature during 

the PM oxidation (350oC). From Figure 4.23, the SCR-F/CPF model simulated the PM 

mass retained within the filter substrate with the maximum absolute error of 1.8 g between 

the experimental and the simulated PM mass retained at the end of the stage 2 loading 

phase of the experiment. 
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Figure 4. 23 Comparison of PM mass retained in the experimental data and simulation model along with the 

model cumulative for PM inlet and oxidation masses for PO-B10-15 experiment. 

PM Distribution 

Figures 4.24 and 4.25 show the PM mass loading distribution at the start and end of PM 

oxidation during the passive oxidation stage. From Figures 4.24 and 4.25, the PM loading 

is almost uniform (2.0	 	0.03 g/L) at the beginning of oxidation, whereas the PM loading 

distribution significantly varies at the end of passive oxidation. The minimum PM mass 

loading is 1.1 g/L and increases to a maximum value of 1.6 g/L at the outer radius of the 

filter substrate. This is mainly due to the lower exhaust gas temperature at the outer radius 

of the filter due to the ambient convective and radiative heat transfer compared to the 

center of the filter substrate. 
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Figure 4. 24 Simulated PM mass loading distribution in g/L along axial and radial directions at 4.11 hrs. – 

start of passive oxidation for PO-B10-15 experiment 

 

Figure 4. 25 Simulated PM mass loading distribution in g/L along axial and radial directions at 5.46 hrs - end 

of passive oxidation for PO-B10-15 experiment. 
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Figure 4.26 shows the simulated PM mass loading distribution along the axial and radial 

direction at the end of post loading for the PO-B10-15 experiment. From Figure 4.26, the 

PM loading distribution at the end of post loading is also non-uniform (1.95 to 2.4 g/L). 

Comparing Figure 4.25 with Figure 4.26, the non-uniform PM loading originated during 

PM oxidation by passive oxidation due to the temperature gradient within the filter and the 

non-uniform PM loading continued further during the post loading phase of the experiment.  

 

Figure 4. 26 Simulated PM mass loading distribution in g/L along axial and radial directions at 6.95 hrs -end 

of post loading for PO-B10-15 experiment. 

Figure 4.27 shows the axial and radial distribution of PM loading measured by Foley [27] 

for the same engine in this study for the passive oxidation case (average CPF temperature 

348oC, NO2 concentration of 196 ppm and ULSD fuel type) with the end of passive 

oxidation PM mass loading of 3.25 g/L.  Comparing Figures 4.27 and 4.25, the simulation 

model data shows the uniform filter loading along the length the filter whereas the 

experimental data in Figure 4.27 shows the uniform PM loading up to axial length ratios 

of 0.7 (filter length < 215 mm). For axial length ratios > 0.7 (filter length > 215 mm), the 

experimental data shows an increase in PM loading close to the outlet end of the substrate 

(axial length ratios > 0.7 or filter length > 215 mm). This may be explained by PM cake 
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and ash particle transport mechanisms (regeneration-induced and flow-induced) 

proposed by Sappok et al. [66] using the optically-accessible filter core sample in a catalyst 

bench reactor. During passive oxidation of PM, the particle in contact with washcoat 

oxidizes the PM cake and reduces the adhesive force [66] which aids in particle 

detachment and transports towards the plugged end of the filter substrate. This particle 

transport mechanism is not included in the SCR-F/CPF model. The PM loading 

experimental data close to the inlet (axial length ratios < 0.05) and outlet sections (axial 

length ratio > 0.97) are considered to be less accurate due to the error associated with the 

scanning procedure and PM loading analysis methodology around the channel plugs [28]. 

The radial distribution of PM loading with the experimental data shows a slight reduction 

in radially outward (subplot 20d - diameter of 231-267 mm) direction. This may be due to 

the uncertainties associated with the terahertz analyzer ability to scan at the outer surfaces 

[28]. Both the simulation model and experimental data show relatively uniform PM loading 

radially from 80 mm radius to the centerline of the filter. This is consistent with uniform 

temperature trends observed from the experimental data and the SCR-F/CPF model 

results. 

Figure 4. 27 Test 8 end of passive oxidation (PO) phase axial and radial PM distribution measured - adapted 

from reference [27] for 2007 ISL engine, axial length ratio of 1.0 corresponds to 305 mm filter length, axial 

uniformity index for plots a –d are 0.91, average radial uniformity index = 0.97 and average angular 

uniformity index = 0.98 
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Pressure Drop 

Figure 4.28 shows the comparison of the experimental and simulated total pressure drop 

across the CPF and its components for PO-B10-15 experiment. From Figure 4.28, the 

simulated pressure drop values are comparable with experimental data with a maximum 

absolute error of ≅	0.3 kPa at 4.07 hrs. The wall and PM cake contribute the most to the 

overall pressure drop after loading to 2.5 hours. The clean wall pressure drop is ≅ 1.9 kPa 

at the beginning of stage 1 loading (< 0.1 hrs) and increases to ≅ 2.5 kPa at 0.4 hrs as 

the PM accumulates in the pores of the substrate wall. Once the pores in the top slab of 

the   substrate wall is saturated with PM, the wall filtration is transitioned into cake PM 

filtration regime (> 0.4 hrs). During stage 2 loading, the wall pressure drop is almost 

constant and decreases during PM oxidation as the PM in the pores of the wall is oxidized 

due to NO2 assisted PM oxidation. In the case of the cake pressure drop, during the cake 

filtration regime (> 0.4 hrs), the cake pressure drop value increases linearly proportional 

to the PM loading up to	≅ 1.9 kPa at 4.07 hrs. During the PM oxidation by passive 

oxidation, the cake pressure drop decreases significantly (1.9 to 0.1 kPa). Also, the slope 

of the cake pressure drop curve and total pressure drop curve (simulation and 

experimental) changes during PM oxidation by passive oxidation. This could be attributed 

to varying PM oxidation rates between wall and cake as observed by earlier studies [35-

36] and also the change in permeability of the PM cake layer due to the potential damage 

in the PM cake as described in the earlier section of this thesis. The SCR-F/CPF model is 

able to account for both of these effects and is able to simulate the varying pressure drop 

trend during the PM passive oxidation stage. Without the damage cake permeability model 

(i.e with constant cake permeability assumption), the simulated total pressure drop values 

will be over the experimental pressure drop values. From Fig. 4.28, the model showed the 

capability to simulate experimental pressure drop using the PM cake damage permeability 

model under steady state operating conditions. However, further validation of the new 

cake permeability model is needed to understand its capability to distinguish the variable 

wall oxidation rate and PM cake damage during steady state and transient drive cycles.  
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Figure 4. 28 Comparison of experimental and simulated total pressure drop across CPF and its components 

for PO-B10-15 experiment 

Wall and Cake Permeability 

Figure 4.29 shows the simulated wall and cake permeability (right axis) along with the PM 

mass retained (left axis) for PO-B10-15 experiment. From Figure 4.29, the wall 

permeability during stage 1 loading (< 0.5 hrs) decreases quickly from the clean wall 

permeability as the PM accumulates in the substrate wall (wall filtration). Upon filling of 

wall pores, during stage 2 loading, the wall permeability is almost constant (6.77E-14 m2 

@ 3.8 hrs) following the constant wall PM mass retained in the substrate wall. During the 

PM passive oxidation stage, the loaded wall permeability increases up to 9.2 E-14 m2 and 

approaches close to the clean wall permeability due to the oxidation of PM in the substrate 

wall. Upon completion of PM oxidation, during stage 3 and 4 loading, the wall permeability 

reduces at slower rate as the PM accumulates within the substrate wall. This slow change 

in wall permeability is due to the presence of PM cake layer which has an ≅ 97% filtration 

efficiency over the top of the substrate wall which filters most of incoming PM to the CPF. 
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Comparing Figure 4.29 with Figure 4.28, the wall permeability affects the substrate wall 

pressure drop of the CPF. At the beginning of the loading (< 0.5 hrs), the wall pressure 

drop increases as the permeability of the wall reduces due the PM accumulation within 

the pores of the substrate wall. The wall pressure drop is almost constant due to the 

constant wall permeability during stage 2 loading. The wall pressure drop reduces during 

PM oxidation resulting in increased permeability of the substrate wall due to the oxidation 

of PM in the pores of the substrate wall. During stage 3 and 4 loading, the wall pressure 

drop increases as the wall permeability reduces due to the slow accumulation of PM in the 

substrate wall. From Figure 4.29, the PM cake permeability is almost constant during 

stage 1 and 2 loading. At the start of the PM passive oxidation stage, permeability 

increases slightly (from 6.6E-15 to 8.3E-15 m2) due to the change in mean free path length 

of the gas and was simulated using the Equation 4.19 of the cake permeability model. 

During PM oxidation (4.87 to 5.44 hrs), the permeability of the PM cake increases due to 

the damage in the PM cake layer as explained in SCR-F/CPF model development section 

(Section 4.5). The damage permeability model determines the initiation of the PM cake 

damage and the cake permeability model calculates the damage variable  (Equation 

4.28) during the PM passive oxidation stage. The damage variable  is calculated using 

the current mass of the PM cake after applying the delta mass value ( 	 ). The delta 

mass value for passive oxidation experiment is calculated using the Equation 4.30. The 

increase in permeability due to the damage in the PM cake is calculated from the Equation 

4.31.  
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Figure 4. 29 Simulated wall and cake permeability (right axis) along with the PM mass retained (left axis) for 

PO-B10-15 experiment 

 

Figure 4. 30 Simulated damage variable (left axis) and cake permeability (right axis) during PM oxidation for 

PO-B10-15 experiment 
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Figure 4.30 shows the simulated damage variable (  in Equation 4.28) and PM cake 

permeability (defined in Equation 4.31) during the PM passive oxidation stage of PO-B10-

15 experiment. The delta mass offset value for PO-B15-15 experiment is ≅ -2 g (at 

ln(Overall PM reaction rate) of ≅	-8.88 1/s) as shown in Figure 4.8. From Figure 4.29, the 

damage variable at the beginning of the PM oxidation is ≅ 0.22 (at 4.11 hrs, PM cake 

mass ≅ 36 g,	 	  ≅ 34 g). Further into the PM oxidation, the damage variable 

increases proportional to the PM cake mass retained. At cake PM masses less than ≅ 27 

g (at 4.83 hrs, start of PM cake damage, 	  ≅ 25 g) and the damage variable has 

values greater than ≅  0.40 and the permeability values increase rapidly from 1.6E-14 to 

7.71E-14 m2 (≅ 5 times the initial permeability value).   This rapid increase in cake 

permeability is mainly due to the exponential relationship of permeability with the damage 

variable as shown in Figure 4.12 of the damage permeability model and it is due to the 

damage in PM cake layer based on the model. 

The damage in the PM cake layer causes almost near zero cake pressure drop at the end 

of PM oxidation as shown in Figure 4.28 (Time = 5.4 hrs, cake delta P < 0.1 kPa). This is 

mainly due to the increased permeability of the damaged PM cake layer causing low 

resistance to the gas flow in the CPF. Upon completion of PM oxidation, during stage 3 

and 4 loading, the PM cake permeability reduces at a slower rate. The PM cake 

permeability during stage 3 and 4 loading is higher than that of stage 2 loading. This 

increased permeability is mainly due to the presence of the damaged PM cake layer from 

the PM passive oxidation stage causing low flow resistance in the CPF. Further in to the 

stage 3 and 4 loading, the damaged PM cake layer is refilled with incoming PM causing 

recovery of the damaged PM cake layer. In the SCR-F/CPF model, this damage recovery 

was simulated using the linear permeability Eqn. D.1 explained in Appendix D.  

Comparing the permeability of the wall and cake in Figure 4.29, the permeability of the 

cake is ≅ 0.11 of the wall during stage 1 and stage 2 loading. During the PM passive 

oxidation stage, the wall permeability increases instantly as soon as passive oxidation test 

conditions are achieved whereas the cake permeability is almost constant for ≅ 43 

minutes (at ≅	4.8 hrs) into the PM oxidation and then increases rapidly. This time delay is 

attributed to time taken to initiate damage in the PM cake layer. The increase in wall 

permeability is proportional to the reduction in wall PM mass whereas the cake 
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permeability is constant until the PM cake mass reach 27 g and then increases rapidly. 

During stage 3 and 4 loading, the PM cake permeability reduces as the PM cake mass 

loading increase and it is ≅ 15% of the wall permeability at the end of stage 4 loading (at 

6.9 hrs). 

Comparing Figures 4.29 with 4.28, the cake pressure drop increases during stage 1 and 

2 loading as the PM accumulates in the PM cake layer at constant cake permeability. 

During the PM passive oxidation stage, the cake pressure drop reduces following the 

oxidation of PM in the cake layer and also due to the increased permeability of the PM 

cake layer caused by the damage in the PM cake layer. Upon completion of the PM 

passive oxidation stage and during stage 3 and 4 loading, the cake pressure drop 

increases as the PM accumulates in the cake layer and there is also reduced permeability 

of PM cake layer attributed to damage recovery of PM cake layer as simulated by the cake 

permeability model. 

 

4.9.2 Active Regeneration Experiments 

 

The active regeneration experimental data used for the model calibration are listed in 

Table 3.4. The filter substrate temperatures during active regeneration experiments are in 

the range of 450 - 600oC which is higher than the passive oxidation experiments explained 

in the previous section. The active regeneration experiments are short in duration (6 to 39 

minutes) because of the high PM oxidation rates. The PM oxidation during active 

regeneration is governed by thermal (O2) assisted PM oxidation mechanism. The SCR-

F/CPF model simulation data are presented for one active regeneration experiment (AR-

B10-1) in order to consider the higher filter substrate temperature and short PM oxidation 

duration and its effect on the heat transfer, temperature and filter PM loading distribution 

within the filter and pressure drop characteristics of the CPF. The results are presented in 

the following section. 

Filter Outlet Temperature 

Figure 4.31 shows the comparison of model outlet gas temperature with the experimental 

outlet gas temperature along with the CPF inlet temperature measured upstream of the 
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CPF. From Figure 4.31, the simulation prediction difference is within 7oC excluding the 

temperature spikes related to the experimental procedure and transition phase of moving 

in and out of the AR phase of the experiment. 

 

Figure 4. 31 Comparison of experimental and model CPF outlet gas temperature with model input CPF inlet 

gas temperature for AR-B10-1 experiment 

Temperature Distribution 

Figure 4.32 shows the experimental temperature distribution and Figure 4.33 shows the 

simulated temperature distribution for AR-B10-1 experiment at 5.63 hrs (15 minutes after 

start of fuel dosing). From Figure 4.32, the experimental filter substrate temperature shows 

an increase in temperature (10-12oC at filter radiuses below 40 mm) axially due to the 

local PM oxidation and the substrate temperature close to the wall shows a lower increase 

in temperature axially (≅	2oC) due to the dominant convection and radiative heat loss to 

the ambient compared to the local PM oxidation. The radial variation in temperature is up 

to ≅ 40oC. This is mainly because of the inlet temperature distribution caused by the 

thermal boundary layer as explained in section 3.5.  From Figure 4.33, the SCR-F/CPF 

simulation model also shows an increase in temperature (≅ 13oC) in the axial direction 
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due to PM and HC oxidation within the filter and the substrate temperature close to the 

wall shows lower increase in temperature axially (≅ 4oC). The maximum variation in radial 

temperature distribution is up to ≅ 41oC. Comparing Figures 4.32 and 4.33, the simulated 

temperature distribution closely follows experimental data with maximum RMS error of 3.1 

oC.        

 
Figure 4. 32 Experimental temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs.  (15 minutes 

after start of fuel dosing) 

 
Figure 4. 33 Simulated temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs (15 minutes after 

start of fuel dosing) 
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Filtration 

Figure 4.34 shows the comparison of the experimental and simulation model total filtration 

efficiency and the filtration efficiency of the PM cake and the substrate wall for the AR-

B10-1 experiment. From Figure 4.33, the total filtration efficiency simulated by the SCR-

F/CPF model is 97% and it is comparable with the experimental data measured during 

stage 2 loading (98% - shown as purple ‘o’ marker). Wall filtration efficiency at the 

beginning of the stage 1 loading is minimum and similar to PO-B10-15 experiment (≅ 44 

% at 0.01 hrs) and increases to ≅	50% at the end of wall filtration (at 0.5 hrs). During stage 

2 loading, the wall filtration increases slightly (up to ≅	50.3% at 4.9 hrs) due to changes in 

wall packing density caused by the continued loading of PM in the pores of the substrate 

wall. Wall filtration efficiency further increases during ramp up phase (up to ≅	59% at 5.2 

hrs)   due to the increase in diffusion of PM into the pores of substrate wall. Further, during 

PM oxidation by active regeneration, PM in the substrate wall is oxidized and hence, wall 

filtration efficiency approaches close to the clean wall filtration efficiency (≅ 44 % at 5.9 

hrs). During post loading, the wall filtration efficiency increases at a slower rate as most of 

the PM is filtered through the PM cake. The PM cake filtration efficiency trends are similar 

to PO-B10-15 experiment and maximum efficiency observed was 94% during stage 2 

loading. 

 

Figure 4. 34 Comparison of experimental data and simulation model total filtration efficiency and distribution 

of filtration efficiency into PM cake and substrate wall for AR-B10-1 experiment 
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PM Mass Retained 

Figure 4.35 shows the cumulative PM mass retained in the filter in comparison with the 

cumulative inlet PM and PM oxidation masses. From Figure 4.35, thermal (O2) assisted 

PM oxidation is the dominant mode of PM oxidation shown by the green dotted line 

because of the increased reaction rate over the loading rate due to the higher exhaust gas 

temperature (530oC) and O2 concentration(7.8 %). The overall PM oxidized (at the end of 

post loading at 7.33 hrs) by thermal (O2) assisted PM oxidation is 91 % whereas the NO2 

assisted PM oxidation is 9 % due to the lower NO2 concentration in the exhaust gas. The 

maximum absolute difference between the experiment and the simulation for PM mass 

retained is 0.9 g at the end of the stage 1 loading condition. 

 

 

Figure 4. 35 Comparison of PM mass retained in the experimental data and simulation model along with the 

cumulative PM inlet and oxidation masses for AR-B10-1 experiment 

Figure 4.36 shows the cumulative PM mass retained in the filter in comparison with the 

cake and wall PM masses. The majority of the PM filtration takes place through the cake 

filtration regime shown by the yellow solid line in Figure 4.36. During stage 1 loading (< 

0.5 hrs), most of the PM is captured within the pores of substrate wall (wall filtration 
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regime) followed by the cake filtration regime (> 0.5 hrs) where most of the incoming PM 

is captured as a PM cake layer on the top surface of the substrate wall. The PM mass in 

the substrate wall is maximum (≅ 2.2 g) at end of stage 2 loading compared to the PM 

mass in the cake (≅ 41 g at 4.98 hrs). Most of the PM mass in the substrate wall is oxidized 

during PM oxidation and the wall PM mass is reduced to < 0.2 g. The PM accumulates at 

a slow rate in the substrate wall during post loading (> 5.9 hrs) compared to stage 1 

loading. This is due to the presence of the PM cake layer on the top surfaces of the 

substrate wall. 

 

Figure 4. 36 Comparison of PM mass retained in the experimental data and simulation model along with the 

model cumulative for PM inlet, cake and wall PM masses for AR-B10-1 experiment 

PM Distribution 

Figure 4.37 shows the PM mass loading distribution along axial and radial directions at 

the end of PM oxidation (at 5.82 hrs) by active regeneration for AR-B101 experiment. From 

Figure 4.37, the PM loading distribution varies significantly along the radial direction. The 

PM loading is less than 0.6 g/L up to a filter radius of 80 mm and increases to a maximum 

value of 1.8 g/L at the outer radius of the filter. This is mainly due to the lower exhaust gas 
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temperature at the outer radius of the filter (as shown in Figure 4.33) due to the convective 

and radiative heat losses compared to the center of the CPF. 

 

 

Figure 4. 37 Simulated PM mass loading distribution in g/L along the axial and radial directions at 5.82 hrs 

(end of PM oxidation by active regeneration) for AR-B10-1 experiment 

Figure 4.38 shows the axial and radial distribution of PM loading measured by Foley [27] 

for a similar active regeneration experiment (526oC active regeneration temperature and 

7.5% O2 concentration at CPF inlet) with the post active regeneration PM mass loading of 

2.22 g/L (PM loading before start of active regeneration was 3.06 g/L) using ULSD fuel. 

Comparing Figures 4.37 and 4.38, the SCR-F/CPF model and the experimental PM 

loading distribution shows the uniform loading of the filter substrate at the end of PM 

oxidation for the active regeneration experiment up to filter radius of 66 mm. The PM 

loading distribution in the simulation (Figure 4.37) shows the small axial gradient between 

0 to 66 mm filter radiuses (0.4 to 0.6 g/L). However, it is similar to the 95% range given in 

Figure 4.38 (0.14 g/L for filter radiuses up to 66 mm). Hence, considering the small axial 

variation in the experiment and simulation data, the PM loading is uniform for simulation 
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and experimental data up to filter radiuses 66 mm. The experimental PM loading trend 

shows an increase in PM loading towards the end of the filter substrate (5 % higher than 

the average filter substrate loading). However, the SCR-F/CPF model shows a decrease 

in the PM loading (≅ 0.3	g/L) trend till the filter substrate radiuses < 120 mm and an 

increase in PM loading for the filter radiuses > 120 mm. The decrease in PM loading for 

filter radiuses less than 120 mm in the SCR-F/CPF model could be attributed to increased 

PM oxidation due to the higher temperature in the axial direction towards the middle to the 

end sections of the filter as shown in the temperature distribution plot (Figure 4.32).  The 

SCR-F/CPF model shows a consistent increase in PM loading towards the outer section 

of the filter substrate consistent with the reduction in the filter substrate temperature. The 

PM loading increases towards the outlet end of the filter could be explained by PM cake 

and ash transport mechanisms proposed by Sappok et al [66] as explained in passive 

oxidation results section. The experimental PM loading towards the outer most edge of 

the filter substrate shows a decrease in PM loading due to the lack of measurement 

capability of the terahertz wave scanner close to the wall surfaces.  

Figure 4. 38 Test 4 end of active regeneration (AR) phase axial and radial PM distribution measured - adapted 

from reference [27] for 2007 ISL engine, axial length ratio of 1.0 corresponds to 305 mm filter length, axial 

uniformity index for plots a –d are 0.97 average radial uniformity index = 0.98 and average angular uniformity 

index = 0.98 
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Pressure Drop 

Figure 4.39 shows the comparison of the experimental and simulated total pressure drop 

across the CPF and its components for AR-B10-1 experiment. The simulated pressure 

drop values are in good agreement with experimental data with a maximum absolute 

difference of ≅ 0.3 kPa during the AR ramp phase of the experiment (5.3 hrs). The wall 

pressure drop trend during stage 1 and 2 loading is similar to the PO-B10-15 experiment. 

The wall pressure drop decreases (1.9 kPa at 5.8 hrs) during PM oxidation by active 

regeneration as the PM in the pores of the wall is oxidized due to thermal O2 assisted PM 

oxidation. In the case of the cake pressure drop, time when the pores in the substrate wall 

are filled with PM (> 0.5 hrs), the PM cake layer begins to form over the top surface of the 

substrate wall and the resultant PM cake pressure drop value increases linearly 

proportional to PM loading during stage 1 and 2 loading phase of the experiment.  

 

Figure 4. 39 Comparison of experimental and simulated total pressure drop across CPF and its components 

for AR-B10-1 experiment. 
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Figure 4. 40 Comparison of experimental and simulated total pressure drop across CPF and its components 

for AR-B10-1 experiment during PM oxidation (5.38 to 5.82 hrs) 

Figure 4.40 shows the pressure drop trend during PM oxidation during active regeneration 

stage (5.38 to 5.82 hrs). The cake pressure drop reduces significantly (1.8 to 0.1 kPa). 

Also, the slope of the cake pressure drop curve and total pressure drop curve (simulation 

and experimental) changes during PM oxidation. This can be attributed to varying PM 

oxidation rates between wall and cake (5.43 to 5.7 hrs) as observed by the earlier 

researchers [35-36] and also due to the change in permeability of the PM cake layer due 

to the damage in the PM cake as described in the earlier section of this thesis (5.7 to 5.82 

hrs). The SCR-F/CPF model is able to account for both of these effects and is able to 

simulate the varying pressure drop trend during PM oxidation.  

 

Wall and Cake Permeability 

Figure 4.41 shows the simulated wall and cake permeability (right axis) along with the PM 

mass retained (left axis) for AR-B10-1 experiment. From Fig. 4.41, the wall and cake 
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permeability curves are similar to the PO-B10-15 experiment during stage 1 and stage 2 

loading as shown in Figure 4.29. During the PM oxidation by active regeneration (> 5.38 

hrs), the wall permeability increases up to 1.136E-13 m2 due to the oxidation of PM in the 

substrate wall. Upon completion of PM oxidation, during stage 3 and 4 loading, the wall 

permeability decreases at a slower rate as the PM accumulates in the substrate wall. This 

slow change in wall permeability is mainly due to the presence of the PM cake layer on 

the substrate wall which filters most of incoming PM to the CPF. Comparing Figures 4.41 

and 4.39, the wall permeability and wall pressure drop curves are similar to the PO-B10-

15 experiment during stage 1 and 2 loading. During PM oxidation, the wall pressure drop 

reduces following the increased permeability of the substrate wall due to the oxidation of 

PM in the pores of the substrate wall. During stage 3 and 4 loading, the wall pressure drop 

increases as the wall permeability reduces due to the accumulation of PM in the substrate 

wall. 

 

Figure 4. 41 Simulated wall and cake permeability (right axis) along with the PM mass retained (left axis) for 

AR-B10-1 experiment 

The PM cake permeability is almost constant during stage 1 and 2 loading. At the 

beginning of the PM oxidation (at 5.5 hrs), the cake permeability increases slightly (from 
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7.3E-15 to 1.05E-14 m2) due the changes in mean free path length of the gas. Further into 

the PM oxidation, at cake PM masses less than 25 g (> 5.6 hrs), permeability values 

increase rapidly from 1.403E-14 to 1.028E-13 m2 (	≅ 	7 times increase). This increase in 

cake permeability is attributed to the damage in the PM cake layer and was simulated 

using the cake permeability model. The damage in the PM cake layer causes almost near 

zero cake pressure drop (cake delta P < 0.1 kPa) at the end of PM oxidation as shown in 

Figure 4.40 (≅ 5.8 hrs). Upon completion of the PM oxidation, during stage 3 and 4 

loading, the PM cake permeability reduces at a slower rate attributed to damage recovery 

of the PM cake layer as simulated by the cake permeability model. The reduced 

permeability of the PM cake layer along with the PM accumulation during stage 3 and 4 

loading leads to an increase in cake pressure drop as shown in Figure 4.39. 

Comparing the permeability of the wall and cake, the permeability curves during stage 1, 

2, 3 and 4 loading are similar to those of PO-B10-15 experiment. During the PM oxidation 

during active regeneration stage, the wall permeability increases as soon as the active 

regeneration test conditions are achieved whereas the cake permeability is constant for ≅ 

11 minutes (at ≅	5.6 hrs) into the PM oxidation and then increases rapidly. This time delay 

is attributed to time taken to initiate damage in the PM cake layer. The increase in wall 

permeability is proportional to the reduction in the wall PM mass whereas the cake 

permeability is constant until the PM cake mass reaches 25 g and then increases rapidly.  

Comparing with the permeability data for PO-B10-15 experiment in Figure 4.29, the cake 

permeability increase due to the damage in the PM cake layer for AR-B10-1 experiment 

occurs ≅ 11 minutes (cake PM masses below 25 g) into the PM oxidation by active 

regeneration whereas for PO-B10-15 experiment it occurs ≅ 43 minutes (cake PM masses 

less than 27 g) into the PM oxidation by passive oxidation. The shorter time interval AR-

B10-1 experiment is mainly due to the increased PM oxidation rate of the AR-B10-1 

experiment compared to the PO-B10-15 experiment. At higher PM reaction rates, the PM 

cake layer is oxidized rapidly in a short time, allowing significant reduction in the mass of 

the PM cake layer before initiation of the microscopic and macroscopic cracks in the PM 

cake layer. At lower reaction rates, the PM cake layer cracks are initiated at the higher 

mass of the PM cake layer as the cake layer is exposed to oxidizing environment for a 

longer time without significant reduction in its mass. 
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From the analysis of the pressure drop (Figure 4.28 and Figure 4.39) and permeability 

curves (Figures 4.29 and 4.41) for the passive oxidation and active regeneration 

experiments, at fixed flow and temperature conditions, it is evident that the pressure drop 

across the filter is governed by several factors such as PM flow rate (PM concentration 

and volumetric flow rate), thickness of the PM cake layer (PM mass retained), filtration 

efficiency (PM within the pores of the substrate wall ), wall and cake PM oxidation rate 

(temperature, NO2 and O2 concentration), permeability of substrate wall (clean wall 

permeability, packing density and slip flow) and permeability of cake (initial permeability, 

damage permeability, damage recovery and slip flow). The SCR-F/CPF model developed 

in this research accounts for these factors and is able to simulate pressure drop trends of 

passive oxidation and active regeneration experiments within pressure drop RMS error of 

0.2 kPa (see Appendix E). 

Overall, the comparison of the passive oxidation and active regeneration experimental 

results to those from the high-fidelity SCR-F/CPF model confirm that the model can predict 

temperature, PM mass loading and pressure drop within good agreement with the 

experimental measurements. The SCR-F/CPF model was also applied and compared with 

extensive engine experimental data for a wide range of operating conditions covering six 

passive oxidation and twelve active regeneration cases. The SCR-F/CPF model showed 

PM loading RMS error of 1.8 g (see Appendix E), pressure drop RMS error of 0.2 kPa 

(see Appendix E) for all eighteen experimental runs. The temperature distribution and 

pressure drop plots for all eighteen experiments are presented in Appendix F. From the 

experimental data presented in this thesis for PO-B10-15 and AR-B10-1 experiments, the 

maximum RMS temperature distribution error was within 3oC during PM oxidation.   

 

4.10 Model Features Comparison with Prior Works 

 

Table 4.10 shows the comparison of the key model features of SCR-F/CPF high fidelity 

model and contributions from this thesis with the models in the literature (MTU 1-D model 

and ECU based model by Depcik et al.). The comparison of reduced order MPF model 

and CPF estimator with SCR-F/CPF model is also presented in the Table 4.10. The 

detailed development of the reduced order MPF model is presented in Chapter 5 and the 

CPF state estimator in Chapter 6. 



103 
 

Table 4. 10 Comparison of model features and contribution from this thesis work (SCR‐F/CPF model, reduced order 
MPF model and CPF state estimator) with prior works (MTU 1‐D model and ECU based model by Depcik et al.) 

 

From the above analysis, with the key model features shown in Table 4.10, the high-fidelity 

SCR-F/CPF model provides accurate prediction of temperature, PM distribution and 

pressure drop. However, the SCR-F/CPF model is computationally demanding. Hence, 

further model reduction is required to use the model for aftertreatment control applications. 

The next chapter (chapter 5) details the development of the CPF reduced order model 

that will be applied to CPF control applications. 

Model Features
ECU Model- Depcik et al. 

[13, 72]
1-D Model by Kiran [23]

SCR-F/CPF Model [This 
Thesis]

Reduced Order MPF 
Model and CPF State 

Estimator[This Thesis]

Model architecture
CPF divided into number of 

axial and radial zones
Single channel 

representation of the CPF
CPF divided into number of 

axial and radial zones
CPF divided into number 
of axial and radial zones

Control volume for energy 
equation

Lumped inlet and outlet 
channel volumes and 

substrate volumes

Inlet channel, substarte and 
outlet channel volumes

Inlet channel, substarte and 
outlet channel volumes*

Lumped inlet and outlet 
channel volumes and 

substrate volumes

Inlet temperature distributio Constant inlet temperature Constant inlet temperature

Varying inlet temperature 
distribution using fully 

developedboundary layer 
equations

Varying inlet temperature 
distribution using fully 

developedboundary layer 
equations

Heat transfer mechanism 
within CPF

Conduction and convection Conduction and convection
Conduction, convection 

and radiation
Conduction and convection

Species reactions CO, CO2 and O2 
NO, NO2, CO, CO2, O2 and 

HC

NO, NO2, CO, CO2, O2 and 

HC**
 HC and PM

PM oxidation reactions
Multizone thermal (O2) 

reaction in PM cake and wall

Single channel based NO2 

assisted and thermal (O2) 

reactions in PM cake and 
wall

Multi-zone NO2 assisted 

and thermal (O2) reactions 

in PM cake and wall

Multi-zone NO2 assisted 

and thermal (O2) reactions 

in PM cake and wall

Effect of NO2 back 

diffusion on cake PM 
oxidation

Not accounted
Included in cake PM oxidation 
by assuming tortuosity of PM 

cake layer as 1

Included in cake PM oxidation 
by assuming tortuosity of PM 

cake layer as 1**

Effect of NO2 back diffusion 

on cake PM oxidation is 
neglected

PM filtration 

Multi-zone filtration model 
using filtration theory 

developed by 
Konstandopoulos and Johnson 

[15]

Single channel model using 
filtration theory developed by 

Konstandopoulos and 
Johnson [15]

Multi-zone filtration model 
using filtration theory 

developed by 
Konstandopoulos and 

Johnson [15]

Multi-zone filtration model 
using filtration theory 

developed by 
Konstandopoulos and 

Johnson [15]

Slip flow correction for 
wall and cake permeability

Not accounted Not accounted

Slip flow in the wall 
accounted using Pulkrabek 
correction [33] and slip flow 
in the PM cake accounted 

using Versaevel et al. 
correction [34]

Slip flow in the wall 
accounted using 

Pulkrabek correction [33] 
and slip flow in the PM 
cake accounted using 

Versaevel et al. correction 
[34]

PM cake permeability 
evolution during PM 
oxidation

Not accounted Not accounted
Used new cake permeability 
model based on this thesis - 

Chapter 4.5.3 

Used new cake 
permeability model based 
on this thesis - Chapter 

4.5.3 

Post loading cake 
permeability correction

Not accounted Not accounted

Used new cake permeability 
model based on this thesis - 
Chapter 4.5.3 and Appendix 

D

Used new cake 
permeability model based 
on this thesis - Chapter 

4.5.3 and Appendix D

Model outputs Temperature Distribution
Average CPF Temperature, 

PM loading and pressure 
drop

Multi-zone temperature and 
PM mass distribution, PM 
loading and pressure drop

Multi-zone temperature 
and PM mass distribution, 
PM loading and pressure 

drop

CPF state estimation for 
potential ECU controls 
and diagnostics

Not available Not available Not available

Extended Kalman filter 
based state estimator for 

temperature and PM 
distribution and linear 

Kalman filter based 
estimator for pressure 

drop estimates
* Jointly developed with Venkata R Chundru
** Developed by Venkata R Chundru as part of SCR-F model development
The improvements over the prior works by this theis are highlighed in bold black font



104 
 

5 CPF Reduced Order Model Development1 

 

The high fidelity SCR-F/CPF model in chapter 4 has shown good capability to predict 

temperature and PM loading distribution and pressure drop of the CPF. For an ECU based 

application, the high fidelity model has to be simplified in order to run in real time for 

aftertreatment control applications. Hence, the high fidelity model developed in chapter 4 

was reduced to improve its computational speed and reduce the computational complexity 

without significantly affecting the accuracy of predicting the temperature and PM mass 

distribution and pressure drop of the CPF.  

To develop a reduced order MPF model, the following parametric study was carried out 

using the high fidelity model to determine the optimum model configuration for the reduced 

order MPF model. 

 Optimum number of axial and radial zones required to predict temperature and PM 

mass distribution and pressure drop of the CPF for aftertreatment control 

applications was determined. 

Further, the following model reduction assumptions were evaluated using the high fidelity 

SCR-F/CPF model to determine the sensitivity of these assumptions to the computational 

time and modeling inaccuracies.  

o Neglecting the species concentration solver and assuming uniform species 

concentration at each zone that is equal to the inlet concentration into the 

CPF (THC, NO2 and  O2) 

o Neglecting the back diffusion of NO2 due to the NO2 produced by the 

catalyst wash coat 

o Applying average channel gas temperature assumption (Neglecting the 

temperature change through the substrate wall) 

o Neglecting the radiation heat transfer within the inlet channel surfaces 

(Radiation heat transfer is minimum below 600oC) 

______________________________ 
1 Parts of the material contained in this chapter are based on references [1, 2,3] with permission of 

Springer. 
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From the parametric studies and analysis of the model reduction assumptions, a reduced 

order MPF model was developed. The detailed analysis of parametric study and model 

reduction assumptions are presented in this chapter followed by the validation of the 

reduced order MPF model to simulate the temperature, PM distribution and pressure drop 

of the CPF for aftertreatment control applications.  

5.1 Model Discretization Study 

  

A parametric study was carried out to determine the optimum required number of zones 

in the MPF model in the range of 4x4 to 10x10 zones for aftertreatment control 

applications. The filter substrate temperatures during active regeneration (450 – 600oC) 

are higher than the passive oxidation (250 – 400oC). The high temperatures during active 

regeneration result in increased temperature distribution (AR-B10-1 experiment: average 

temperature during active regeneration: 530oC, radial temperature distribution ≅ 40oC, 

axial temperature distribution	≅ 12oC) and highly non-uniform PM distribution within the 

filter. Hence, one of the active regeneration experiments (AR-B10-1 experiment listed in 

Table 3.4) was used as a reference experiment for the discretization study. Considering 

the nonlinear phenomenon in the CPF, the conclusions based on one reference 

experiment will be limited to that experiment. However, the selected reference experiment 

presents an average (in terms of active regeneration temperature, duration and O2 

concentration) active regeneration test conditions studied in this thesis.   

 

The high fidelity SCR-F/CPF model used the model constants, PM kinetic parameters, 

heat transfer coefficients and filter density parameters developed in Chapter 4 for all the 

discretization cases. A variable step solver based on ode15s stiff solver is used to solve 

the temperature, PM distribution and pressure drop at each time step. The maximum time 

step was set to 10 seconds and minimum time step was set to 1e-8 second to achieve 

numerical stability of the model. The total test duration was approximately 7.33 hrs (440 

minutes) for AR-B10-1 experiment. The model execution time was compared with real 

time using the real time factor. The real time factor is calculated as the ratio of model run 

time to the real time of the experiment. The real time factor of 1 indicates that the model 

runs as fast as real time. 
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Figure 5.1 shows the model discretization size versus real time factor for the AR-B10-1 

experiment. From Figure 5.1, the real time factor significantly increases with increasing 

the discretization size. In addition, the real time factor increases linearly as a function of 

total number of elements (16 nodes for 4x4 model, 25 nodes for 5x5 model, 49 nodes for 

7x7x model and 100 nodes for 10x10 model) as shown in Figure 5.2. The lowest real time 

factor is for the 4x4 zone model in which the high-fidelity SCR-F/CPF model takes 2.3 % 

of total real time or about 43 times faster than the real time. The 5x5 zone model takes 

3.5% of total real time or about 29 times faster than the real time whereas baseline 10x10 

zone model takes 12.9 % of total real time or about 8 times faster than real time. It is 

important to note that the SCR-F/CPF model was run on a laptop computer with the 

specifications of 12 GB RAM, 64bit and Intel core i7 processor. The typical ECUs used on 

engine applications have 32 bit and 200 MHz processors [67]. However, Matlab® is the 

high level programming language and it is approximately 10x slower than the C language 

that closely mirrors the assembly language that processors commonly use. Depcik and 

Assanis [68] showed that the for a sample problem presented in reference [68], the C code 

runs 18.1x faster than the Matlab® code. Hence, with an optimized C code, the SCR-

F/CPF model with low computational requirement like the 4x4 and 5x5 zone shows high 

potential to run as part of a conventional ECU or a dedicated ECU that manages CPF 

functions exclusively. 
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Figure 5. 1 Model discretization size versus real time factor for AR-B10-1 experiment 

 

Figure 5. 2 Real time factor versus number of elements in the SCR-F/CPF model for AR-B10-1 experiment 
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Figures 5.3, 5.4, 5.5 and 5.6 show the comparison of PM mass retained in the 

experimental data and high-fidelity SCR-F/CPF model along with the PM inlet rate for 

10x10, 7x7, 5x5 and 4x4 zones, respectively. From Figures 5.3 to 5.6, the 10x10 zone 

model showed close agreement (< 0.3 g at the end of post loading) with the experimental 

data. The 4x4 , 5x5 and 7x7 zone models over predict the PM loading by 2.2, 1.6 and 1.2 

g respectively at the end of post loading (at 7.3 hrs).  

 

Figure 5. 3 Comparison of PM mass retained in the experimental data and high-fidelity SCR-F/CPF 

simulation model for 10x10 zones (AR-B10-1 experiment) 
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Figure 5. 4 Comparison of PM mass retained in the experimental data and high-fidelity SCR-F/CPF 

simulation model for 7x7 zones (AR-B10-1 experiment) 

 

 

Figure 5. 5 Comparison of PM mass retained in the experimental data and high-fidelity SCR-F/CPF 

simulation model for 5x5 zones (AR-B10-1 experiment) 
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Figure 5. 6 Comparison of PM mass retained in the experimental data and high-fidelity SCR-F/CPF 

simulation model for 4x4 zones (AR-B10-1 experiment) 

Figure 5.7 shows the experimental temperature distribution measured by 16 

thermocouples for AR-B10-1 experiment at 5.63 hrs. (15 minutes after start of fuel dosing). 

Figures 5.8, 5.9, 5.10 and 5.11 show the comparison of simulated temperature distribution 

of AR-B10-1 experiment (15 minutes after fuel dosing) for 10x10, 7x7, 5x5 and 4x4 zones 

respectively. From Figures 5.7 to 5.11, 10x10, 7x7 and 5x5 zones model results show 

close agreement (RMS temperature error at 5.63 hrs < 3.5oC) with the experimental data. 

The 4x4 model results show a RMS temperature error of 5.4oC at 5.63 hrs.  
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Figure 5. 7 Experimental temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs. (15 minutes 

after start of fuel dosing) 

 

Figure 5. 8 Simulated temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs.  (15 minutes after 

start of fuel dosing) - 10x10 zones 
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Figure 5. 9 Simulated temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs.  (15 minutes after 

start of fuel dosing) - 7x7 zones 

 

 

Figure 5. 10 Simulated temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs.  (15 minutes after 

start of fuel dosing) - 5x5 zones 
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Figure 5. 11 Simulated temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs.  (15 minutes after 

start of fuel dosing) - 4x4 zones 

Figures 5.12, 5.13, 5.14 and 5.15 show the comparison of simulated PM mass distribution 

of AR-B10-1 experiment at the end of PM oxidation (5.82 hrs) by active regeneration for 

10x10, 7x7, 5x5 and 4x4 zones respectively. From Figures 5.12 to 5.15, the PM mass 

distribution of the 7x7 and 5x5 zones are comparable (within ≅ 0.2 g/L) with the 10x10 

zone model whereas the 4x4 zone model under predicts PM loading by ≅ 0.4 g/L at the 

outer radiuses of the filter (Filter radiuses > 120 mm).  
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Figure 5. 12 Simulated PM mass distribution in g/L for AR-10-1 experiment at the end of PM oxidation by 

active regeneration (5.82 hrs) – 10x10 zones 

 

 

Figure 5. 13 Simulated PM mass distribution in g/L for AR-10-1 experiment at the end of PM oxidation by 

active regeneration (5.82 hrs) – 7x7 zones 



115 
 

 

 

Figure 5. 14 Simulated PM mass distribution in g/L for AR-10-1 experiment at the end of PM oxidation by 

active regeneration (5.82 hrs) – 5x5 zones 

 

Figure 5. 15 Simulated PM mass distribution in g/L for AR-10-1 experiment at the end of PM oxidation by 

active regeneration (5.82 hrs) – 4x4 zones 



116 
 

Figures 5.16, 5.17, 5.18 and 5.19 show the comparison of experimental and simulated 

total pressure drop across the CPF and its components for the 10x10, 7x7, 5x5 and 4x4 

zones respectively for the AR-B10-1 experiment. From Figures 5.16 to 5.19, 10x10 zone 

model show close agreement (< 0.1 kPa at the end of post loading) with the experimental 

data. The 4x4 model under predicts the pressure drop by 0.3 kPa at the end of post loading 

(at 7.3 hrs). This is mainly due to the fewer number of points in the axial momentum 

equation used to estimate the total channel pressure drop. In the high-fidelity model, the 

last node is equated to ambient pressure. Comparing Figure 5.19 with Figures 5.16 to 

5.18, the channel pressure drop decreases with the increase in PM loading in the channel 

and this is mainly due to the fewer number of axial discretization as the increased pressure 

drop due to PM accumulation in the last node is neglected and set to ambient pressure. 

Hence, the accuracy of the pressure drop prediction reduces with the reduction in axial 

discretization levels as shown in Table 5.1. 

 

Figure 5. 16 Comparison of experimental and simulated total pressure drop across CPF and its components 

for AR-B10-1 experiment - 10x10 zone 
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Figure 5. 17 Comparison of experimental and simulated total pressure drop across CPF and its components 

for AR-B10-1 experiment - 7x7 zone 

 

 

Figure 5. 18 Comparison of experimental and simulated total pressure drop across CPF and its components 

for AR-B10-1 experiment - 5x5 zone 
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Figure 5. 19 Comparison of experimental and simulated total pressure drop across CPF and its components 

for AR-B10-1 experiment - 4x4 zone 

Table 5.1 summarizes the model accuracy versus computational time of the high-fidelity 

SCR-F/CPF model with four discretization levels. From the Table 5.1, the 5x5 zone model 

offers the better trade-off in terms of accuracy and computational time compared to 4x4, 

7x7 and 10x10 zone models. Thus the 5x5 model was selected as the discretization size 

(about 4 times faster than the baseline 10x10 model) for the CPF reduced order model 

development and subsequent CPF estimator development presented in this thesis. 

Table 5. 1 Temperature, PM loading, pressure drop and computational time trade-off for the SCR-F/CPF 

model 

 

Model 
Discretization 

Level

RMS tempertaure 
difference @ start of PM 
oxidation (time: 5.6 hrs)

PM Loading 
difference @ end of 
post loading (time: 

7.3 hrs)

Pressure drop 
difference @ end PM 

oxidation (time: 5.8 hrs)

Simulation time / 
Real time [-]

oC g kPa [-]

4x4 zone 5.4 2.2 -0.3 0.02

5x5 zone 3.5 1.6 -0.2 0.03

7x7 zone 2.6 1.2 -0.1 0.07

10x10 zone 3.1 0.3 0.0 0.13
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5.2 Evaluation of Model Reduction Assumptions using High-fidelity Model 

The high-fidelity model was further reduced by applying the model reduction assumptions 

explained in introduction to this chapter and the resultant effect on the model accuracy 

and computation time is also presented.  

5.2.1 Effect of Varying Species Concentration on Temperature and PM Mass 

Distribution 

The high-fidelity SCR-F/CPF model accounts for the changes in the species concentration 

at each zone and its effect on over all PM oxidation as explained in Chapter 4. For the 

purpose of reducing the computational time for aftertreatment control applications, the 

high-fidelity model was evaluated by assuming species concentration at each zone (wall 

and cake) is same as the inlet species concentration i.e. the effect of catalytic reactions in 

the washcoat is minimum on the cake and wall PM oxidation and could be neglected 

(without species solver) for the reduced order model. 

Figures 5.20 and 5.21 show the comparison of simulated HC outlet concentration along 

with the model HC inlet concentration measured during AR-B10-1 test with and without 

species solver. Comparing Figures 5.21 with 5.20, HC concentration in the wall-outlet 

channel interface is same as that of HC inlet concentration without the species 

concentration solver. Hence, this increased concentration at wall-outlet channel interface 

will affect the temperature and PM oxidation in the substrate wall. 

 

Figure 5. 20 Comparison of simulated HC outlet concentration and HC inlet concentration measured during 

AR-B10-1 experiment with species concentration solver 
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Figure 5. 21 Comparison of simulated HC outlet concentration and HC inlet concentration measured during 

AR-B10-1 experiment without species concentration solver 

Figures 5.22 and 5.23 show the comparison of simulated O2 outlet concentration along 

with the model O2 inlet concentration measured during AR-B10-1 test with and without 

species solver.  

 

Figure 5. 22 Comparison of simulated O2 outlet concentration and O2 inlet concentration measured during 

AR-B10-1 experiment with species concentration solver 
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Figure 5. 23 Comparison of simulated O2 outlet concentration and O2 inlet concentration measured during 

AR-B10-1 experiment without species concentration solver 

Comparing Figures 5.23 with 5.22, O2 concentration in the wall-outlet channel interface is 

same as that of O2 inlet concentration without the species concentration solver. Hence, 

this increased concentration at wall-outlet channel interface will affect the temperature and 

PM oxidation in the substrate wall. 

Figures 5.24 and 5.25 show the comparison of simulated NO2 outlet concentration along 

with the model NO2 inlet concentration measured during AR-B10-1 test with and without 

species solver. Comparing Figure 5.25 with 5.24, NO2 concentration in the wall-outlet 

channel interface is same as that of NO2 inlet concentration without the species 

concentration solver. Hence, this increased concentration at wall-outlet channel interface 

with species solver will affect the temperature and PM oxidation in the substrate wall. 
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Figure 5. 24 Comparison of simulated NO2 outlet concentration and NO2 inlet concentration measured 

during AR-B10-1 experiment with species concentration solver 

 

 

Figure 5. 25 Comparison of simulated NO2 outlet concentration and NO2 inlet concentration measured 

during AR-B10-1 experiment without species concentration solver 
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Figure 5.26 shows the comparison of PM mass retained in the experimental data and 

simulation model along with the model cumulative for PM inlet, cake and wall PM masses 

for AR-B10-1 experiment without species concentration solver. Comparing Figure 5.26 

with Figure 5.3, the PM loading at the end of stage 4 loading is very similar (<0.1 g 

difference) and this assumption (neglecting this species reactions in the washcoat) has 

very minimum impact on the accuracy of predicting the PM mass retained. 

 

Figure 5. 26 Comparison of PM mass retained in the experimental data and simulation model along with the 

model cumulative for cake and wall PM masses for AR-B10-1 experiment without species concentration 

solver 

Figure 5.27 shows the simulated temperature distribution for AR-B10-1 experiment at 5.63 

hrs (15 minutes after start of fuel dosing) without species concentration solver. Comparing 

Figure 5.27 with Figure 5.8, the RMS temperature error at 5.63 hrs is very similar (<0.1oC 

difference) and this assumption (neglecting this species reactions in the washcoat) has 

very minimum impact on the accuracy of predicting the temperature distribution of the 

CPF. 
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Figure 5. 27 Simulated temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs (15 minutes after 

start of fuel dosing) without species concentration solver 

Figure 5.28 shows the simulated PM mass loading distribution along the axial and radial 

directions at 5.82 hrs (end of PM oxidation by active regeneration) for AR-B10-1 

experiment without species concentration solver. Comparing Figure 5.28 with Figure 5.12, 

the PM loading distribution is very similar (<0.1 g/L difference) and this assumption 

(neglecting this species reactions in the washcoat) has very minimum impact on the 

accuracy of predicting the PM mass loading distribution of the CPF. 
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Figure 5. 28 Simulated PM mass loading distribution in g/L along the axial and radial directions at 5.82 hrs 

(end of PM oxidation by active regeneration) for AR-B10-1 experiment without species concentration solver 

Figure 5.29 shows the comparison of experimental and simulated total pressure drop 

across CPF and its components for AR-B10-1 experiment without species concentration 

solver. Comparing Figure 5.29 with 5.16, the simulated pressure drop is very similar (<0.1 

kPa difference) and this assumption (neglecting this species reactions in the washcoat) 

has very minimum impact on the accuracy of predicting the pressure drop of the CPF. 

 

Figure 5. 29 Comparison of experimental and simulated total pressure drop across CPF and its components 

for AR-B10-1 experiment without species concentration solver 
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Table 5.2 shows the temperature, PM loading, pressure drop inaccuracies and 

computational time trade-off with and without species concentration solver. From Table 

5.2, the accuracy of the temperature, PM loading and pressure drop prediction without 

species solver is comparable (RMS temperature error with species solver is 2.8oC and 

without species solver is 2.9oC, pressure drop error is within 0.1 kPa and PM loading error 

is within 0.2 g) to the baseline 10x10 zone SCR-F/CPF model that runs with species 

solver. However, the model run time reduces significantly without species solver. The 

high-fidelity SCR-F/CPF model runs about 32 times faster without species solver. Hence, 

the catalyst wash coat reactions are neglected in the reduced order model development 

to reduce computation time and computational complexity.  

Table 5. 2 Temperature, PM loading, pressure drop inaccuracies and computational time trade-off with and 

without species solver for SCR-F/CPF model 

 

5.2.2 Effect of NO2 Back Diffusion on Temperature and PM Mass Distribution  

Catalyzed particulate filters are coated with Pt-based catalyst which is very effective in 

promoting oxidation reaction of NO. The NO molecules present in the exhaust gas flows 

through the inlet channels of the CPF, PM cake layer and then into the catalyst substrate 

wall surfaces to the outlet channels of the CPF. The Pt-based catalyst washcoat in the 

substrate wall oxidizes NO molecules in the gas into NO2 molecules. Due to the 

concentration gradient of NO2 between PM cake layer and the substrate wall, the NO2 can 

flow back in to the PM cake layer and oxidizes PM further through NO2 assisted cake PM 

oxidation. This phenomenon is called NO2 back diffusion. Moreover, the NO2 produced in 

the wash coat can also flow downstream and participate further in NO2 assisted wall PM 

oxidation in the substrate wall. Haralampous et al. [69] reported that the effect of NO2 back 

diffusion on PM oxidation could be up to 30% at low temperatures. Kiran et al. [22] showed 

that the effect is 1 to 4% for the passive oxidation experiments. The NO2 back diffusion is 

most favorable in the temperature range of 300 to 400oC (passive oxidation test 

Model 
Discretization 

Level

RMS tempertaure 
difference @ start of PM 
oxidation (time:5.63 hrs)

PM Loading dif ference 
@ end of post loading 

(time:7.3 hrs)

Pressure drop 
difference @ end PM 

oxidation (time:5.8 hrs)
Simulation time / Real time [-]

oC g kPa [-]

10x10 zone 2.8 0.2 -0.1 0.13

10x10 zone 
species solver off 2.9 0.2 0.1 0.004
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conditions) [70]. Hence, in this chapter the effect of NO2 back diffusion on cake PM 

oxidation for the passive oxidation experiments were studied using the high-fidelity SCR-

F/CPF model. The tortuosity of the PM cake layer determines the effective diffusivities of 

gas species concentration in to the PM cake layer. This variable is calibrated to 1.0 in the 

SCR-F/CPF model to simulate the back diffusion of NO2 into the PM cake layer. To 

eliminate back diffusion of NO2 into the PM cake for this study, the tortuosity was set to 

close to zero (1e-8). 

Figures 5.30 and 5.31 show the comparison of experimental and simulated NO2 outlet 

concentration and NO2 inlet concentration measured during PO-B10-15 experiment with 

(tortuosity = 1) and without NO2 back diffusion (tortuosity = 0). 

 

Figure 5. 30 Comparison of experimental and simulated NO2 outlet concentrations along with the NO2 inlet 

concentration measured during PO-B10-15 experiment with NO2 back diffusion  (Tortuosity of PM cake layer 

= 1) 
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Figure 5. 31 Comparison of experimental and simulated NO2 outlet concentration along with the NO2 inlet 

concentration measured during PO-B10-15 experiment without NO2 back diffusion (Tortuosity of PM cake 

layer = 0) 

Comparison between Figures 5.31 and 5.30, the NO2 concentration at the outlet of the 

CPF is similar in both cases (with and without NO2 back diffusion). 

Table 5.3 shows the effect of NO2 back diffusion on PM oxidation for all passive oxidation 

experiments. From Table 5.3, the NO2 back diffusion effect is less than 0.1 g of PM 

oxidized in all passive oxidation experiments. At higher temperatures of 400 to 600oC 

(active regeneration test conditions), NO2 is not favored due to the chemical equilibrium 

limitation [70] and most of PM oxidized through thermal O2 PM oxidation mechanism as 

shown in Table E.4. Hence, the NO2 back diffusion effect is neglected in the reduced order 

MPF model intended for aftertreatment control applications. 
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Table 5. 3 Effect of NO2 back diffusion on PM oxidation for all passive oxidation experiments using the SCR-

F/CPF model 

 

5.2.3 Evaluation of Average Channel Gas Temperature Assumption 

The convection heat transfer between the filter substrate and the channel gas is calculated 

using the following equation [17]: 

	 , 	 	 , 	 , 	                                                                                                (5.1) 

	 , 	 	 , 	 ,                                                                              (5.2) 

	 , 	 	 	 , 	 	 ,                                                                                      (5.3) 

where, 	 ,  is the net convection heat transfer between the filter substrate and the 

channel gas, 	 ,  is the net heat transfer through the wall,	 	 ,  is the net 

convection heat transfer of inlet and outlet channel gas, 	 ,  is the heat energy 

flowing out of the wall, 	 ,  is the heat energy flowing into the wall,  	 ,  

is the convection heat transfer between outlet channel gas and the filter wall and 

	 ,  is the convection heat transfer between inlet channel gas and the filter wall. 

	 , 4	 	 , , 2 , ∆ 	 ,                                                              (5.4) 

	 , 4	 	 , , ∆ 	 ,                                                                                     (5.5) 

where,  	 ,  is the wall layer velocity at each zone, ,  is the density of the gas at each 

zone,  is the specific heat of the gas,	  is the channel width,	 ,  is the thickness of the 

Test ID
PO 

duration

PM oxidized 

with diffusion 

(g)

PM oxidized 

without diffusion 

(g)

Difference

PO‐B10‐14 101 3.3 3.4 0.0

PO‐B10‐15 81 18.3 18.3 0.0

PO‐B10‐16 43 17.3 17.2 ‐0.1

PO‐B10‐17 80 17.6 17.5 0.0

PO‐B20‐12 81 20.4 20.3 ‐0.1

PO‐B20‐13 42 20.4 20.3 ‐0.1
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PM cake at each zone,	∆  is the axial discretization length at each zone,  is the number 

of cells at each zone,  	 ,  is the temperature of gas at the inlet channel at each zone 

and 	 ,  is the filter substrate temperature at each zone. 

	 , 	 	 , 	 	 , 	 ,                                                                                      (5.6) 

	 , 	 	 , 	 		 , 	 ,                                                                                 (5.7) 

	 , 4	 2 , ∆ 	                                                                                                                     (5.8) 

	 , 4	 	∆ 	                                                                                                                                       (5.9) 

where,  	 ,  is the temperature of the gas at the outlet channel at each zone,  is the 

convective heat transfer coefficient between channel gas and wall surface, 	 ,  is the 

surface area of the inlet channels and 	 ,  is the surface area of the outlet channels.  

Figures 5.32 and 5.33 show the comparison of simulated inlet and outlet channel gas 

temperature distribution for AR-B10-1 experiment at 5.63 hrs (15 mins after start of fuel 

dosing). Figure 5.34 shows the simulated substrate temperature distribution for AR-B10-

1 experiment at 5.63 hrs (15 mins after start of fuel dosing). Comparing Figure 5.34 with 

5.32 and 5.33, the temperature distribution looks similar at inlet channel (gas), substrate 

and outlet channel (gas). The maximum absolute temperature difference between inlet 

channel and substrate is < 3oC and RMS temperature difference is ≅	1.4 oC. The maximum 

absolute temperature difference between outlet channel and filter is < 2oC and RMS 

temperature difference is ≅ 0.7oC.  
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Figure 5. 32 Simulated inlet gas temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs (15 

minutes after start of fuel dosing) 

 

Figure 5. 33 Simulated outlet gas temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs (15 

minutes after start of fuel dosing) 



132 
 

 

Figure 5. 34 Simulated substrate temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs (15 

minutes after start of fuel dosing) 

Comparing Figures 5.32 and 5.33, the maximum absolute temperature difference between 

inlet and outlet channel gas is < 2oC and RMS error is within 1oC.  The temperature 

difference between inlet and outlet channel is minimum because of the high rate of 

convection heat transfer between the channels and the porous substrate wall. Hence, for 

the purpose of the reduced order model development, the lumped model approach [13] is 

employed by applying average channel gas temperature for calculation of convection heat 

transfer between channels and the filter substrate. With the average channel temperature 

assumption, the temperature difference of the gas flowing through the wall can be 

neglected (Equations 5.4 and 5.5). 

By applying average channel gas assumptions, the Equations 5.1 to 5.9 are reduced to: 

The convection heat transfer between filter and channel gas is calculated using the 

following equation [13,53]: 

 = , 	 , ,                                                                                                           (5.10) 

The combined surface area As is calculated as follows [13] 

, 4 2 , 4 ∆                                                                                                (5.11) 
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The inlet and outlet channels energy Equations 4.3 and 4.4 are reduced to average 

channel gas energy equation and it is given as [13]: 

, ∆
,  = 	 , ( , , )                                                                                (5.12) 

 

5.2.4 Effect of Radiation Heat Transfer between Inlet Channel Surfaces to 

Overall Temperature and PM Mass Distribution  

The high-fidelity SCR-F/CPF model assumes the channel gas is completely transparent 

to thermal radiation and the surfaces are black. The net radiation heat transfer between 

channel gas and filter wall is determined as [71]:  

	 , 	 	                                                                               (5.13) 

,                                                                                                                                  (5.14)    

,                                                                                                                                     (5.15)   

,                                                                                                                                   (5.16) 

The effect of internal radiation is very small at lower temperatures and could be more 

important over 600oC and could improve the model accuracy during uncontrolled 

regeneration events [55]. The most of the operating conditions in the CPF are below 

600oC. Hence, the radiation heat transfer between channel gas and filter wall was 

neglected and the effect of neglecting radiation heat transfer in terms of temperature 

distribution and PM mass retained prediction accuracy was studied.   

Table 5.4 shows the temperature, PM loading, pressure drop inaccuracies and 

computational time trade-off with and without radiation heat transfer modeling.  
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Table 5. 4 Temperature, PM loading, pressure drop simulation inaccuracies and computational time trade-off 

with and without radiation heat transfer for the SCR-F/CPF model 

 

From Table 5.4, the RMS temperature error increases from 3.1 to 3.3 oC by neglecting the 

radiation heat transfer between channel gas and substrate wall. The PM post loading error 

reduced from 0.3 to 0.2 g and pressure drop error increase from -0.01 to -0.02 kPa. The 

ratio of simulation time to real time is almost the same between both cases. As shown in 

Table 5.4, the simulation error by neglecting the radiation heat transfer between channel 

gas and the filter wall is minimum. Hence, for the purpose of the reduced order model 

development, the radiation heat transfer between channel gas and filter wall was 

neglected.  

5.3 Simulation of Reduced Order MPF Model 

From the parametric study and analysis presented in sections 5.1 and 5.2, a reduced order 

5x5 zone MPF model was developed. The following are the key assumptions used in 

developing the reduced order MPF model based  

 The inlet PM deposits uniformly over the entire volume of the filter substrate.  

 The PM inlet rate into the each zone is assumed to be the ratio of volume of each 

zone to the total volume of the filter. In other words, no maldistribution of inlet PM 

is considered. 

 Species concentrations (O2 and NO2) are assumed to be uniform in the inlet 

channel, PM cake, substrate wall and are equal to inlet concentrations. 

 PM oxidation due to NO2 back diffusion is negligible and hence not included. 

 PM cake layer and substrate wall are at the same temperature. In other words, no 

temperature gradient across the PM cake layer and substrate wall is considered. 

 Radiation heat transfer between channel gas and filter substrate is negligible and 

hence is not included.  

Model 
Discretization 

Level

RMS tempertaure error 
@ start of PM oxidation 

(time : 5.6 hrs)

PM Loading error @ 
end of post loading 

(time:7.3 hrs)

Pressure drop error 
@ end PM oxidation 

(time:5.8 hrs) Simulation time / Real time [-]

oC g kPa [-]

10x10 zone 3.1 0.3 -0.01 0.13
10x10 zone 

w ithout radiation 
heat transfer 3.3 0.2 -0.02 0.13



135 
 

 Average channel gas temperature used for the filter energy equation (lumped 

model approach). Hence, the temperature difference of the gas flowing through 

the substrate wall is neglected. 

 A fully developed boundary layer exists at the inlet of the CPF. 

 The exhaust gas mixture is assumed to be an ideal gas. 

 The exhaust gas has the same properties as air at 1 atmosphere pressure. 

Properties are considered as a function of temperature. 

 Molecular weight of the exhaust gas is assumed to be constant and it is equal to 

28.7 . 

The reduced order MPF model was validated on one of the active regeneration 

experiments and the results were compared with the 10x10 high fidelity model and 

experimental data. The detailed simulation results of 5x5 zone reduced order MPF model 

for AR-B10-1 experiment is presented in this section. An explicit solver based on finite 

difference approach was used to solve the temperature at each time step in the reduced 

order model. The explicit solver time step was set to 0.01 sec to achieve numerical stability 

and the simulation model time step was set to 5 seconds (fixed discrete step) over the 

total test duration of approximately 7.33 hrs for AR-B10-1 experiment. The model 

calibration parameters for the reduced order MPF model are same at those in high-fidelity 

SCR-F/CPF model except that pre-exponential of the HC oxidation was increased from 

6.0E8 to 3.0E9  to improve stability of the model at lower discretization size and 

also to account for the reaction kinetics change in the absence of the species 

concentration solver and lumped channel approach. The error induced by this pre-

exponential change is expected to be compensated by the state estimator feedback gains 

(Kalman gain) using the measured outlet temperature of the CPF which is explained in the 

next chapter.  

Filter Outlet Temperature 

Figure 5.35 shows the comparison of high-fidelity SCR-F/CPF model outlet gas 

temperature (high-fidelity T80) with the reduced order MPF model outlet gas temperature 

(ROM-T20) along with the CPF outlet gas temperature (Exp) measured during AR-B10-1 

experiment. From Figure 5.35, the reduced order MPF model temperature prediction 

closely simulates with the high-fidelity SCR-F/CPF results model and the experimental 
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data. The maximum absolute temperature error between reduced order model and high-

fidelity SCR-F/CPF model is within 5oC. 

 

Figure 5. 35 Comparison of high-fidelity SCR-F/CPF model and reduced order MPF model CPF outlet gas 

temperatures along with the measured CPF outlet gas temperature for AR-B10-1 experiment 

Temperature Distribution 

Figures 5.36 and 5.37 show the comparison of reduced order MPF model temperature 

distribution data and high fidelity SCR-F/CPF model temperature distribution for the AR-

B10-1 experiment at 5.63 hrs (15 min after start of fuel dosing). Comparing Figures 5.36 

and 5.37, the reduced order MPF model closely simulates the results with the high-fidelity 

SCR-F/CPF model temperature distribution trends. The maximum absolute temperature 

error between the high-fidelity SCR-F/CPF model and the reduced order MPF model is 

within 5oC.  
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Figure 5. 36 Reduced order MPF model temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs.  

(15 minutes after start of fuel dosing)          

 
Figure 5. 37 High-fidelity SCR-F/CPF model simulated temperature distribution in oC for AR-B10-1 

experiment at 5.63 hrs (15 minutes after start of fuel dosing) 
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Figure 5. 38 Comparison of experimental (solid lines) and reduced order model (dotted lines) temperature 

distribution at 5.63 hrs (15 mins after start of fuel dosing) 

Figure 5.38 shows the comparison of experimental and reduced order model temperature 

distribution at 5.63 hrs (15 mins after start of fuel dosing). From Figure 5.38, the reduced 

order model is able to closely follow the experimental temperature and the maximum 

absolute temperature difference between the reduced order model and the experimental 

data is less than 5oC. 

PM Mass Retained 

Figures 5.39 and 5.40 show the comparison of cumulative PM mass retained in the filter 

along with the cake and wall PM masses for the reduced order MPF model and the high-

fidelity SCR-F/CPF model. From Figures 5.39 and 5.40, the reduced order model 

cumulative PM mass retained during loading, PM oxidation by active regeneration and 

post loading closely simulates the results of the high-fidelity SCR-F/CPF model. The 

maximum error in PM retained prediction is  ≅ 0.6 g at the end of stage 4 loading compared 

to the high-fidelity SCR-F/CPF model. 
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Figure 5. 39 Comparison of PM mass retained in the experimental data and reduced order model along with 

the cumulative cake and wall masses for AR-B10-1 experiment 

 

 

Figure 5. 40 Comparison of PM mass retained in the experimental data and high-fidelity SCR-F/CPF model 

along with the model cumulative for PM inlet, cake and wall PM masses for AR-B10-1 experiment 
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PM Distribution 

Figures 5.41 and 5.42 show comparison of PM mass loading distribution along the axial 

and radial directions at the end of PM oxidation (at 5.82 hrs) by active regeneration for 

AR-B101 experiment simulated by the reduced order MPF model and high fidelity SCR-

F/CPF model. From Figures 5.41 and 5.42, the PM loading distribution simulated by the 

reduced order model closely simulates the high-fidelity model. The PM loading distribution 

difference is less than 0.1 g/L compared to high-fidelity SCR-F/CPF model for the filter 

radiuses below 120 mm. The PM loading distribution simulated by the reduced order 

model is ≅ 0.2 to 0.5 g/L lower than the high-fidelity model at the outer radiuses of the 

filter (radiuses > 120 mm). This is mainly because of the lower discretization of the reduced 

order model compared to the high-fidelity SCR-F/CPF model.  

 

Figure 5. 41 Reduced order model PM mass loading distribution along the axial and radial directions at 5.82 

hrs (end of PM oxidation by active regeneration) for AR-B10-1 experiment 
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Figure 5. 42 High-fidelity SCR-F/CPF model PM mass loading distribution along the axial and radial 

directions at 5.82 hrs (end of PM oxidation by active regeneration) for AR-B10-1 experiment 

Pressure Drop 

Figures 5.43 and 5.44 show the comparison of the total pressure drop across the CPF 

and its components for AR-B10-1 experiment simulated by the reduced order MPF model 

and high-fidelity SCR-F/CPF model. From Figures 5.43 and 5.44, the pressure drop 

simulated by the reduced order MPF model closely simulates the high-fidelity SCR-F/CPF 

model trends. The maximum pressure drop simulation error with the reduced order model 

is ≅ 0.2 kPa compared to the high-fidelity SCR-F/CPF model data during the AR ramp 

phase of the experiment. The maximum pressure drop error with reduced order model is 

≅ 0.4 kPa compared to the experimental data. 
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Figure 5. 43 Comparison of experimental and simulated total pressure drop across CPF and its components 

for AR-B10-1 experiment simulated by the reduced order MPF model 

 

Figure 5. 44 Comparison of experimental and simulated total pressure drop across CPF and its components 

for AR-B10-1 experiment simulated by the high-fidelity SCR-F/CPF model 
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Based on the analysis of results presented in section 5.3, the reduced order MPF model 

with 5x5 zone discretization and simplification assumptions offers good capability to 

predict the temperature and PM mass distribution and pressure drop of the CPF. The 

absolute temperature distribution error was within 5oC, PM mass retained error within 0.6 

g, PM distribution error was within 0.1 g/L (radiuses < 120 mm) and pressure drop error 

was within 0.2 kPa compared to the high-fidelity SCR-F/CPF model. This 5x5 zone 

reduced order model was used to develop a real time CPF state estimator to estimate the 

unknown states of the CPF such as temperature and PM distribution and pressure drop 

of the CPF. The development and validation of CPF state estimator is explained in the 

next chapter. 
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6 CPF State Estimator Development1 

 

This chapter describes the development of the state estimator for the CPF to predict 

unknown states of the CPF such as temperature and PM loading distribution and pressure 

drop of the CPF. In a linear system with Gaussian noise, the Kalman filter is optimal [72]. 

In a system that is nonlinear, an extended Kalman filter can be used, but the unscented 

Kalman filter and particle filter may give better results at the price of additional 

computational effort. For ECU based applications, the linear and extended Kalman filters 

provide better trade-off in terms of computational effort compared to unscented Kalman 

filter and particle filters. Hence, the CPF state estimator developed in this thesis uses an 

extended Kalman filter (EKF) for the estimation of the temperature and PM loading 

distribution and a linear Kalman filter (LKF) for the estimation of pressure drop across the 

CPF.  

 

The reduced order 5x5 zone MPF model presented in Chapter 5 was used for the 

development of the CPF state estimator. The CPF state estimator uses the DOC outlet 

temperature, NO2 and HC concentrations from the DOC state estimator as the input 

conditions (DOC outlet temperature, NO2 and HC concentrations) to the CPF state 

estimator. Hence, a DOC state estimator developed by Harsha Surenahalli [48] was 

integrated with the CPF state estimator developed in this thesis. The implementation 

details of EKF and LKF and the simulation of DOC-CPF state estimator on the active 

regeneration experiment (AR-B10-1) is presented in this chapter. Figure 6.1 shows the 

schematic of the DOC-CPF state estimators with all the inputs needed. 

 

 

 

 

 

 

______________________________ 
1 Parts of the material contained in this chapter are based on references [1, 2,3] with permission of 

Springer. 
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Figure 6. 1 Schematic of a CPF estimator showing the all the inputs needed 

6.1 Development of Kalman Filter Based CPF State Estimator  

The main function of the Kalman filter is to predict the state and error covariance for the 

next time step based on system model and then compensate for the difference between 

measurement and prediction and compute the new estimate of the state. If the system 

model is non-linear, then the Kalman filter linearizes the system model with the current 

mean and covariance [72]. This type of Kalman filter is called extended Kalman filter. In 

this thesis, a non-linear system model is applied (Equation 6.1) for the estimation of 

temperature distribution and the linear model is applied for the pressure drop estimation 

(Equation 6.2). The system model equation for temperature distribution in a discrete form 

is given as: 

_ , 	 	 _ ,

. 	 , . 	 , 	 , , 	 , , 	 ,

, ,
	∆                                                              (6.1) 

Similarly, the system model equation for the pressure drop estimation is given as 

   	 	 	 ∆ 	 	 	∆ .                                          (6.2) 

Extended Kalman Filter (EKF) for Temperature and PM distribution Estimation  

The scope of this estimator is to predict the unknown states of the CPF temperature 

distribution. The estimator output equations calculate the PM mass distribution and 
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pressure drop using the temperature states. The brief description of the extended Kalman 

filter based state space model formulation is presented here.  

The state space representation of a simple discrete nonlinear model with states , inputs 

  and noises  and  can be represented as [72], 

 

	 , ,                                                                                                                   (6.3) 

	 ,                                                                                                                                            (6.4) 

The function  is used to predict the state estimate and the function  is used to compute 

the predicted measurement.  and  are the process and observation noises. In 

general, noise values are estimated statistically and noise is assumed to be in normal 

distribution and this means average is always zero. In Kalman filter,  and  are 

assumed to be zero mean multivariate Gaussian noises with covariance  and  

respectively [72]. The modeling of process noise ( ) is difficult and needed to be 

determined from the basic knowledge and experience of the system. Similarly, the 

measurement noise covariance ( ) is estimated from the knowledge of predicted 

observation errors. If both covariance matrices are difficult to obtain in analytically, they 

can be determined by trial and error [73]. In this thesis, the process noise (  was 

neglected and the covariance matrix (  was constructed using the covariance of 0.1 for 

the observation noise (  based on earlier references [48]. The implementation of 

extended Kalman filter algorithm involves the following steps [72]: 

1) Compute the  and  	matrices: 

,
                                                                                                                     (6.5) 

,
                                                                                                                     (6.6) 

 

2) Predict the state and error variance: 

, , 0                                                                                                            (6.7) 

                                                                                  (6.8) 
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3) Compute the matrices of  and : 

                                                                                                                                     (6.9) 

                                                                                                                                    (6.10) 

 

4) Compute the optimal Kalman gain: 

                                                                                   (6.11) 

 

5) Compute the estimate and error covariance: 

, 0                                                                                                (6.12) 

                                                                     (6.13) 

Steps 1 to 5 are followed at each time step and the optimal gain matrix and state estimates 

are calculated.  The temperature states for the discretized 5x5 zone reduced order MPF 

model are defined as: 

 

,

,

,

,

,..
,

                                                                                                                                                 (6.14) 

Figure 6.2 shows the schematic of the CPF temperature states for the 5x5 zone CPF state 

estimator. The input temperatures for the CPF state estimator are , , ,  and  

and they are calculated from the DOC outlet temperature  ,  using the thermal boundary 

layer Equation A.2. The measurement Equation (6.4) uses the ,  as the feedback 

signal for performing the measurement update of the state estimate in Equation 6.12. The 

function  for each temperature state is determined from the discretized system model 

Equation 6.1 at various locations of the axial and radial temperature states (  to	 ).  
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Figure 6. 2 Schematic of temperature states of the CPF estimator 

Linear Kalman Filter for Pressure Drop Estimation 

The temperature and PM mass distribution can be accurately estimated using the 

temperature state estimates. However, at fixed flow and temperature conditions, the 

pressure drop across the filter is governed by: 

 PM flow rate (PM concentration and volumetric flow rate) 

 Thickness of the PM cake layer (PM mass retained) 

 PM within the pores of the substrate wall (filtration efficiency) 

 PM cake oxidation rate (Temperature, NO2 and O2 concentration) 

 PM wall oxidation rate (Temperature, NO2 and O2 concentration) 

 Permeability of wall (clean wall, packing density, partial oxidation of PM in the 

wall, slip flow etc.) 

 Permeability of cake (initial, damage values, damage recovery, slip flow etc.). 

From the above parameters affecting pressure drop, it is evident that the temperature 

estimates and subsequent PM oxidation alone are not good enough to accurately predict 

the pressure drop estimates. Hence, the linear Kalman filter is necessary that could use 

the measured total pressure drop from the ECU sensor to predict unknown components 

of the pressure drop measurement such as cake pressure drop. 

The state space representation of a simple linear model with state , inputs   and noises 

 and  can be represented as [72], 
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	                                                                                                                                    (6.15) 

	                                                                                                                                      (6.16) 

The implementation algorithm for the linear Kalman filter is given as:  

1) Predict the state and error variance: 

                                                                                                                                     (6.17) 

                                                                                                               (6.18) 

  

2) Compute optimal Kalman gain: 

                                                                                                (6.19) 

 

3) Compute the estimate and error covariance: 

                                                                                                       (6.20) 

                                                                                                                     (6.21) 

 

The state  is total pressure drop and the output  is the cake pressure drop. The other 

components of pressure drop such as wall pressure drop and total channel pressure drop 

are determined from the model equations developed in Chapter 4. 

The process noise (  is assumed to be equal to zero and the covariance for the 

measurement (  was calculated assuming standard deviation of 0.5 kPa for the 

measurement noise ( . 

From the above extended Kalman filter implementation algorithm, a Kalman filter based 

CPF state estimator was developed. The CPF state estimator uses the following inputs: 

1) Instantaneous exhaust mass flow rate (  

2) CPF inlet concentrations (PM, NO2,O2and C3H6) 

3) CPF inlet temperature ( , ) 

4) Ambient pressure and temperature 

The CPF state estimator uses the above inputs to estimate the temperature states at axial 

and radial locations of the filter. The temperature state estimates are used in the output 

Equations 4.7 to 4.15 to estimate the temperature and PM distribution and pressure drop 
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of the filter. Further, linear Kalman filter within the CPF state estimator uses the measured 

∆  sensor signal values to estimate the unknown states of the pressure drop such as cake 

pressure drop using Equation 4.22.  The CPF estimator temperature ( ,  and the CPF 

inlet concentrations (NO2, O2 and C3H6) are determined from the DOC state estimator 

developed by Harsha Surenahalli [48]. The next section explains the integration details of 

DOC state estimator with the CPF state estimator. 

6.2 Integration of DOC and CPF Estimators 

The main purpose of the DOC state estimator is to estimate the DOC outlet temperature 

and concentrations such as NO2 and C3H6 from the engine out concentrations. Figure 6.3 

shows the Simulink schematic of the DOC state estimator [74]. This DOC estimator uses 

the inputs from engine sensors and engine maps to estimate DOC states such as DOC 

outlet temperature and concentrations (NO2 and C3H6).  

 

Figure 6. 3 Schematic of the DOC state estimator – adapted from reference [74] 

The DOC outlet temperature and concentrations (NO2 and C3H6) along with the other 

engine sensor/map inputs such as ∆ , PM inlet and O2 concentrations and CPF outlet 

temperature are used as the input conditions for the CPF state estimator. The schematic 

of the CPF state estimator integrated with the DOC estimator along with other inputs is 

shown in Figure 6.4.  
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Figure 6. 4 Schematic of DOC-CPF state estimator 

6.3 Simulation of DOC-CPF State Estimator 

The DOC-CPF state estimator was simulated on one of the active regeneration 

experiments (AR-B10-1) and the results were compared with the 10x10 high fidelity model 

and experimental data. The detailed simulation results are presented in this section. The 

DOC-CPF state estimator used the reduced order model explained in Chapter 5, to predict 

the temperature states of the current time. Further, the temperature estimates are 

improved by the extend Kalman filter algorithm explained in section 6.2. The inputs to the 

DOC-CPF estimators were sampled at 1Hz. The discrete time step solver with 1 second 

time step was used to run the DOC-CPF state estimator. With the fixed step discrete solver 

and the model time step of 1 second, the real time factor for the DOC-CPF state estimator 

is 0.152 (15.2 % of real time or ≅ 6.5 times faster than the real time) using the Laptop 

computer with the specifications of 12 GB RAM, 64 bit and Intel core i7 processor. 

DOC State Estimator Results 

The active regeneration experiment (AR-B10-1) was used for the simulation of the DOC-

CPF state estimator.  The active regeneration run (AR-B10-1) was selected as the 

representative case for the simulation of the DOC state estimator because during active 

regeneration, the DOC inlet hydrocarbon concentrations are high (≅ 3700 ppm of C3H6) 

and the hydrocarbons at the inlet of the DOC increases the DOC outlet temperature (≅ 

75oC higher than the DOC inlet temperature). Hence, an accurate estimate of DOC outlet 

temperature, hydrocarbon and NO2 concentrations are necessary for the estimation of 

temperature and PM mass distribution in the CPF state estimator.   

The reaction parameters in the DOC estimator was calibrated to simulate the AR-B10-1 

experimental data. The calibrated model reaction kinetics for the DOC state estimator is 
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shown in Table 6.1. The DOC estimator internal time step was set to 0.0025 second to 

improve the numerical stability of the DOC reduced order model during active regeneration 

with the higher temperature gradients.  

Table 6. 1 Reaction kinetics used in the DOC state estimator 

Reaction 

Activation Energy 

(Ei) 

/  

Pre-Exponential 

(Ai) 

gmol/m3.s 

NO 54.39 2.6E04 

CO 55.00 1.0E07 

HC 43.50 1.2E05 

 

DOC Outlet/CPF Inlet Temperature 

Figure 6.5 shows the DOC inlet temperature measured along with the comparison of 

estimated DOC outlet temperature and measured DOC outlet temperature. From Figure 

6.5, the DOC estimator is able to simulate the DOC outlet measured temperature using 

the optimal Kalman gain determined from the extended Kalman filter algorithm. The 

temperature increase during active regeneration phase of the experiment is ≅ 74oC. 
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Figure 6. 5 DOC inlet temperature and a comparison between the estimated and measured DOC outlet 

temperature for             AR-B10-1 experiment 

NO2 DOC Outlet Concentration 

Figure 6.6 shows the DOC inlet NO2 concentration measured along with the comparison 

of estimated DOC outlet temperature and measured DOC outlet NO2 concentrations. 

From Figure 6.6, the DOC estimator outlet concentration error is within 3 ppm during stage 

1, 2 loading 3, 4 post loading and within 15 ppm during active regeneration compared to 

the measured NO2 outlet concentration. The original DOC estimator work by Harsha 

Surenahalli showed a typical error of less than 20 ppm for a surrogate FTP run [48]. The 

error levels of 20 ppm is may be partly due to the measurement uncertainty associated 

with the emissions measurement system, test procedure and the reduced fidelity with 

DOC estimator models because of the various model reduction assumptions employed. 

The DOC inlet concentration during AR ramp up phase was not available, hence the DOC 
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inlet NO2 concentration was assumed as 30% (based on typical DOC performance at the 

inlet temperature of ≅ 350oC) of the total NOx concentration. 

 

Figure 6. 6 DOC inlet NO2 concentration and a comparison between the estimated and measured DOC 

outlet NO2 concentration for AR-B10-1 experiment 

HC DOC Outlet Concentration 

Figure 6.7 shows the estimated DOC inlet C3H6 concentration along with the comparison 

of estimated DOC outlet temperature and measured DOC outlet C3H6 concentrations. The 

DOC inlet hydrocarbon concentrations were calculated from the dosing flow rate and 

exhaust flow rate as explained in reference [51]. From Figure 6.7, the DOC estimator outlet 

C3H6 concentration error is within 35 ppm compared to the measured outlet concentration. 

The DOC inlet C3H6 concentration during active regeneration was ≅ 3760 ppm and is 

oxidized to 143 ppm at the outlet of the DOC. 
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Figure 6. 7 DOC inlet C3H6 concentration and a comparison between the estimated and measured DOC 

outlet C3H6 concentration for AR-B10-1 experiment 

CPF State Estimator Results 

The active regeneration experimental (AR-B10-1) data was used for the validation of 

DOC-CPF state estimator.  The active regeneration run (AR-B10-1) was selected as the 

representative case for the validation of the CPF state estimator because the filter 

substrate temperatures during active regeneration experiments are in the range of 450 - 

600oC which is higher than the passive oxidation experiments (250 to 400oC). The active 

regeneration experiments are short in duration (6 to 39 minutes) because of the high PM 

oxidation rates. The MPF model validation is presented for one sample active regeneration 

experiment (AR-B10-1) because it provides a good assessment of the designed CPF 

estimator. This is because of the need to consider the higher filter substrate temperature 

and short PM oxidation duration and its effect on the heat transfer, temperature and filter 

PM loading distribution within the filter and the pressure drop characteristics of the CPF. 

The results are presented in the following section. 

The CPF estimator used the NO2 outlet concentration from the DOC estimator and O2 

concentration measured at the inlet to the DOC. The outlet O2 concentration is lower during 

active regeneration due to the HC oxidation in DOC. This resulted in changes in the CPF 

PM kinetic parameters. Hence, CPF PM kinetic parameters (pre-exponential for NO2 and 
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O2-thermal assisted PM oxidation) were re-calibrated. The calibrated CPF estimator PM 

kinetic parameters are shown in Table 6.2.  

Table 6. 2 Reaction kinetics used in the DOC-CPF state estimator 

PM 

Oxidation 
Symbol Description 

Recalibrated 

Pre-

Exponential 

(Ai) 

m/K-s 

SCR-F/CPF 

Model Pre-

Exponential (Ai)

m/K-s 

NO2-

assisted 

ANO2 cake 

temp. solver 

Pre-exponential for NO2-

assisted PM oxidation 

used in the temperature 

model 

0.0026 

(combined 

cake and wall) 

0.006 (cake) 

and 

0.0187(wall) 

ANO2 cake 

Pre-exponential for NO2-

assisted PM oxidation 

used in the filtration and 

pressure drop models 

0.0031 0.006 

ANO2 wall 

Pre-exponential for NO2-

assisted PM oxidation 

used in filtration and 

pressure drop model 

0.011 0.0187 

Thermal 

(O2) 

AO2 cake 

temp. solver 

Pre-exponential for thermal 

(O2) PM oxidation used in 

the temperature model 

0.6098 

(combined 

cake and wall) 

0.71 (cake) and 

1.27 (wall) 

AO2 cake 

Pre-exponential for thermal 

(O2) PM oxidation used in 

the filtration and pressure 

drop models 

0.5112 0.71 

AO2 wall 

Pre-exponential for thermal 

(O2) PM oxidation used in 

filtration and pressure drop 

model 

0.9138 1.27 
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CPF Outlet Temperature 

Figure 6.8 shows the comparison of high-fidelity SCR-F/CPF model outlet gas 

temperature (high-fidelity T80) with the DOC-CPF state estimator outlet gas temperature 

(ROM-T20) along with the CPF experimental outlet gas temperature measured during the 

AR-B10-1 experiment. From Figure 6.8, the DOC-CPF state estimator temperature 

prediction closely simulates the high-fidelity SCR-F/CPF model data and the experimental 

data using the optimal Kalman gain and measured sensor data as shown in Equation 6.12. 

The CPF estimator simulated the sensor feedback assumed to be close to T20 location 

(sensor tip at 33 mm from the surface of the pipe) as shown in Figure 6.2. 

 

Figure 6. 8 Comparison of DOC-CPF estimator outlet gas temperatures along with the measured CPF outlet 

gas temperature for AR-B10-1 experiment 

CPF Temperature Distribution 

Figures 6.9 and 6.10 show the comparison of DOC-CPF estimator temperature distribution 

data and from the high fidelity SCR-F/CPF model temperature distribution for AR-B10-1 

experiment at 5.63 hrs (15 mins after start of fuel dosing). Comparing Figures 6.9 and 

6.10, the DOC-CPF estimator temperature distribution data simulates the high-fidelity 
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SCR-F/CPF model temperature distribution trends with the maximum absolute 

temperature error between the high-fidelity SCR-F/CPF model and the DOC-CPF 

estimator being within 5oC below filter radiuses of 120 mm and is within 7oC at outer 

radiuses of the filter (filter radiuses > 120 mm).   

 

 

Figure 6. 9 DOC-CPF estimator temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs.  (15 

minutes after start of fuel dosing)          
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Figure 6. 10 High-fidelity SCR-F/CPF model simulated temperature distribution in oC for AR-B10-1 

experiment at 5.63 hrs (15 minutes after start of fuel dosing) 

 

Figure 6. 11  Comparison of experimental (solid lines) and DOC-CPF estimator temperature distribution in 
oC at 5.63 hrs (15 mins after start of fuel dosing) 
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Figure 6.11 shows the comparison of experimental and DOC-CPF temperature distribution 

at 5.63 hrs (15 mins after start of fuel dosing). From Figure 6.11, the DOC-CPF state 

estimator is able to closely follow the experimental temperature distribution and the 

maximum absolute temperature difference between the reduced order model and 

experimental data is less than 5oC at radiuses less than 120 mm. The RMS temperature 

error is ≅ 2.7oC. Comparing Figure 6.11 with Figure 5.38, the DOC-CPF estimator is able 

to minimize the error in the reduced order model (open loop) by taking the feedback of the 

CPF outlet sensor value and optimal Kalman gain from the extend Kalman filter. The 

estimator corrections are evident while comparing the dashed yellow lines (temperature 

contour of 555oC pointed by green arrow) between Figures 5.38 and 6.11. 

PM Mass Retained 

Figures 6.12 and 6.13 show the comparison of cumulative PM mass retained in the filter 

along with the cake and wall PM masses for the DOC-CPF state estimator and the high-

fidelity SCR-F/CPF model. In Figures 6.12 and 6.13, the DOC-CPF state estimator PM 

mass retained plot closely simulates the high-fidelity SCR-F/CPF model and the 

experimental data. The maximum difference in PM loading prediction of the DOC-CPF 

state estimator is  1.1  g at the end of stage 2 loading and less than 0.2 and 0.7 g at the 

end of stage 3 and 4 loading respectively compared to the experimental data. 
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Figure 6. 12 Comparison of PM mass retained in the experimental data and DOC-CPF state estimator data 

along with the cumulative PM inlet and oxidation masses for AR-B10-1 experiment 

 

 

Figure 6. 13 Comparison of PM mass retained in the experimental data and high-fidelity SCR-F/CPF model 

along with the model cumulative for PM inlet, cake and wall PM masses for AR-B10-1 experiment 
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PM Distribution 

Figures 6.14 and 6.15 show the comparison of PM mass loading distribution in the axial 

and radial directions at the end of PM oxidation (at 5.82 hrs) by active regeneration for 

AR-B101 experiment simulated by the DOC-CPF estimator and the high fidelity SCR-

F/CPF model. From Figures 6.14 and 6.15, the PM loading distribution simulated by the 

DOC-CPF state estimator closely simulates the data from the high-fidelity model. The PM 

loading distribution difference is less than 0.1 g/L compared to high-fidelity SCR-F/CPF 

model for filter radiuses less than 120 mm. The PM loading distribution simulated by the 

DOC-CPF state estimator is ≅ 0.2 to 0.5 g/L lower than the high-fidelity model at outer 

radiuses of the filter (radiuses > 120 mm). This is mainly because of the lower 

discretization of the DOC-CPF estimator compared to the high-fidelity SCR-F/CPF model.  

 

Figure 6. 14 DOC-CPF state estimator PM mass loading distribution in g/L along the axial and radial 

directions at 5.82 hrs (end of PM oxidation by active regeneration) for AR-B10-1 experiment 
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Figure 6. 15 High-fidelity SCR-F/CPF model PM mass loading distribution in g/L along the axial and radial 

directions at 5.82 hrs (end of PM oxidation by active regeneration) for AR-B10-1 experiment 

Pressure Drop 

Figures 6.16 and 6.17 show the comparison of the total pressure drop across the CPF 

and its components for AR-B10-1 experiment simulated by the DOC-CPF estimator and 

the high-fidelity SCR-F/CPF model. From Figures 6.16 and 6.17, the pressure drop 

simulated by the DOC-CPF estimator simulates the high-fidelity SCR-F/CPF model trends 

with the maximum pressure drop simulation error with the DOC-CPF state estimator of ≅ 

0.5 kPa compared to the high-fidelity SCR-F/CPF model data during the AR ramp phase 

of the experiment. The maximum pressure drop error with DOC-CPF estimator is ≅ 0.5 

kPa during the AR ramp up phase and the start of active regeneration compared to the 

experimental data. 
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Figure 6. 16 Comparison of experimental and DOC-CPF state estimator total pressure drop across CPF and 

its components for AR-B10-1 experiment using extended Kalman filter for temperature 

 

Figure 6. 17 Comparison of experimental and simulated total pressure drop across CPF and its components 

for AR-B10-1 experiment simulated by the high-fidelity SCR-F/CPF model 
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Figure 6. 18 Comparison of experimental and DOC-CPF state estimator total pressure drop across CPF and 

its components for AR-B10-1 experiment using linear Kalman filter for pressure drop 

Figure 6.18 shows the comparison of the experimental and estimated pressure drop value 

and its components for the AR-B10-1 experiment using the linear Kalman filter for 

pressure drop. From Figure 6.18, the estimated total pressure drop closely simulates with 

the measured pressure using the optimal Kalman gain and feedback ∆  pressure sensor 

values as shown in Equation 6.20. Using the estimated total pressure drop values from 

the linear Kalman estimator and Equation 6.2, the cake pressure drop was estimated. 

Figure 6.19 shows the estimated cake pressure drop for various cake PM loading during 

the AR-B10-1 experiment. From Figure 6.19, three distinct regions of CPF operating can 

be determined. During loading, the cake pressure drop increases proportional to the 

loading of the filter shown as a linear line increasing as a function of filter PM loading. 

During PM oxidation by active regeneration, the cake pressure drop reduces as the PM 

cake oxidizes through thermal (O2) and NO2 assisted PM oxidation reactions. The 

pressure drop during PM cake oxidation at a given cake PM loading is lower than the 

pressure drop during loading due to the increased permeability of PM cake layer during 
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PM oxidation. The wall pressure drop also reduces significantly during PM oxidation and 

approaches the clean wall pressure drop because of oxidation of PM within the substrate 

wall as shown in Figure 6.18. During post loading, the pressure cake drop increases 

proportional to the PM cake loading, however the cake pressure drop values at a given 

PM cake mass are lower than the cake pressure drop values during loading. This is mainly 

because of presence of the damaged PM cake layer due to the earlier PM oxidation event. 

By comparing cake pressure drop estimates along with the wall and channel pressure 

drop estimates suitable control actions can be taken in the event of failure of sensors, 

components or excess PM loading of the CPF. For example, in the event of cracked 

substrate wall, the overall pressure drop measured by the  ∆  pressure sensor will be 

lower causing negative estimated cake pressure estimates which is an indication of failure 

of a component and can be determined from the pressure drop estimator. Without a 

pressure drop estimator, it will be difficult to diagnose the problem, because the measured 

pressure drop will still be within the in-range (non-zero, within upper and lower bounds of 

the typical operation) checks of the ECU. 

 

Figure 6. 19 Comparison of PM cake loading and PM cake ∆  estimated using linear Kalman estimator 

during AR-B10-1 experiment 
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From the above analysis, it is evident that the DOC-CPF state estimator presented in this 

research shows the capability to predict temperature and PM loading distribution and 

pressure drop of the CPF at various operating conditions. The DOC-CPF state estimator 

used the engine outlet temperature and NOx, HC and O2 concentrations from the ECU 

sensors or maps to estimate the temperature distribution and PM mass retained and 

distribution and pressure drop components of the CPF. With the extended Kalman filter 

for temperature estimation and linear Kalman filter for pressure drop estimation, the outlet 

gas temperature and ∆  across the CPF were closely simulated with the measured sensor 

signals. The RMS error in temperature distribution estimated by the DOC-CPF state 

estimator is within 5oC and absolute PM mass retained was within 0.7 g of the 

experimental data at the end of stage 4 loading. The total pressure drop estimated by the 

reduced order model used in the extended Kalman filter estimator was within 0.5 kPa and 

was compensated with optimal Kalman gain to predict unknown states of the pressure 

drop components such as cake pressure drop. The overall summary of results and 

conclusions from this thesis are presented in the next chapter. 
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7 Summary and Conclusions1 

 

7.1 Summary 

 

A new multi-zone SCR-F/CPF model was developed to simulate the substrate 

temperature distribution, PM mass retained and distribution and pressure drop of the CPF. 

The newly developed SCR-F/CPF model accounted for the variation in inlet temperature 

of the exhaust gas using fully developed thermal boundary layer equations and PM 

filtration and oxidation within the substrate wall and PM cake using the classical filtration 

theory developed by Johnson and Konstandopoulos [15]. The PM oxidation included NO2 

assisted and thermal (O2) PM oxidation mechanisms. The back diffusion of NO2 into the 

PM cake layer is also included using the species concentration solver developed by 

Venkata Chundru. The SCR-F/CPF model also accounted for the oxidation of 

hydrocarbons within the filter and includes heat transfer within and external to the filter 

and the thermal resistances of the insulation and outer can. The pressure drop model 

used in the SCR-F/CPF model accounted for the PM filtration in the wall and cake, variable 

wall and cake permeability accounting for the changes in the mean free path length of the 

gas and permeability evolution of PM cake during PM oxidation and post loading using 

the newly developed cake permeability model [3]. The outputs of the high fidelity CPF 

model are temperature distribution within the filter substrate, inlet and outlet channels, 

total PM mass retained including masses in the cake and wall, PM loading distribution 

within the filter, species concentration at the filter outlet (NO, NO2, CO, CO2, O2, HC, and 

PM concentration) and pressure drop across the filter. 

 

 

 

______________________________ 
1 Parts of the material contained in this chapter are based on references [1, 2,3] with permission of 

Springer. 
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A new cake permeability model [3] was developed to account for the damage in the PM 

cake during PM oxidation. Based on the experimental data analysis, it was found that the 

permeability of the PM cake layer increases during PM oxidation (passive oxidation and 

active regeneration experiments). The increase in permeability during PM oxidation was 

attributed to the damage in the PM cake (holes, cracks etc.) and leads to near zero 

pressure drop during PM oxidation. This increased permeability of the PM cake layer 

during PM oxidation was simulated using the newly developed cake permeability as a 

function of PM oxidation rate during PM oxidation. During post loading, the holes and 

cracks formed in the PM cake are filled with incoming PM. This damage recovery process 

reduces the permeability of PM cake during post loading (passive oxidation and active 

regeneration) and was simulated using the new cake permeability model as a function of 

PM mass retained in the cake.   

The experimental data collected by Shiel [49] and Pidgeon [51] on a 2007 inline 6-cylinder 

ISL 8.9L diesel engine rated at 272 kW with DOC and CPF aftertreatment systems were 

used as basis for developing the models. The experiments were performed with three 

fuels – ULSD, B10 and B20 blends. The SCR-F/CPF model was calibrated at eighteen 

different operating conditions (six passive oxidation and twelve active regeneration 

experiments). The detailed calibration procedure for calibration of PM kinetics and 

pressure drop model parameters was developed. The experimental thermocouple data in 

the CPF channels recorded during eighteen experimental runs were used for the 

development of the thermal boundary layer model and calibration of heat transfer within 

and external to the filter. 

A reduced order multi-zone particulate filter model (MPF) was developed to reduce the 

computational time and the complexity of the high-fidelity SCR-F/CPF model for use in a 

ECU based application and specially for the CPF state estimator. A parametric study was 

carried out to determine the optimum number of zones for the reduced order MPF model 

and it was found that the 5x5 zone model was sufficient for the accuracy and the 

computational speed. Further model reduction assumptions were evaluated to improve 

the computational speed without affecting the accuracy of the model prediction 

significantly. The elimination of the species solver, effect of NO2 back diffusion equations, 

radiation heat transfer within the channels and assuming average channel gas 
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temperatures instead of separate inlet and outlet channel gas temperatures increased the 

computational speed by about 32 times without significantly affecting the accuracy. 

A CPF state estimator was developed to predict unknown states of the CPF such as 

temperature distribution, PM mass retained and distribution and pressure drop 

components of the CPF. An extended Kalman filter based state estimator was developed 

to predict unknown temperature states and a linear Kalman filter based estimator was 

developed to predict unknown components of the pressure drop such as the cake 

pressure drop. The DOC state estimator developed by Harsha Surenahalli [48] was 

integrated with the CPF state estimator to provide inlet conditions (DOC outlet 

temperature, NO2 and HC concentrations) to the CPF. The integrated DOC-CPF model 

was recalibrated and validated on a active regeneration test condition. The DOC-CPF 

state estimator was shown to have the capability to predict temperature distribution, PM 

mass retained and distribution and the pressure drop components of the CPF. 

 

7.2 High Fidelity SCR-F/CPF Model Conclusions 

Based on the simulation results using the high fidelity SCR-F/CPF model, the following 

specific conclusions can be made: 

1. The SCR-F/CPF model is able to simulate the axial and radial temperature 

distribution and PM mass retained and distribution and pressure drop of the 

CPF for the passive oxidation and active regeneration experiments. 

2. Temperature within the substrate varies axially and radially. The radial 

temperature distribution is significant and it is up to ≅ 32oC during PM oxidation 

by passive oxidation and ≅ 40oC duing PM oxidation by active regeneration. 

The axial temperature variation is ≅ 12oC for the active regeneration 

experiments and ≅ 2oC for the passive oxidation experiments.  

3. The radial temperature distribution initiates well before the inlet of the CPF and 

affects the temperature distribution for the entire length of the CPF. This radial 

temperature distribution can be characterized using thermal boundary layer 

equations. For the CPF studied, 50% of the overall temperature gradient is in 

the 20% of the filter section closest to the outer radius of the filter. 
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4. The accurate temperature distribution at the inlet of the CPF is essential for 

accurate simulation of the temperature distribution within the CPF. Hence, 

strategic placement (number of sensors and locations) of CPF inlet 

temperature sensors along with a model is necessary to capture accurate inlet 

temperature distribution profiles. 

5. The simulated PM distribution is uniform (2.0	 	0.03 g/L) during loading and 

becomes non-uniform at the end of PM oxidation. The active regeneration of 

the filter leads to non-uniform PM distribution (minimum PM loading is 0.4 g/L 

and maximum PM loading is 1.8 g/L at the end of PM oxidation by active 

regeneration) compared to the passive oxidation test conditions (minimum PM 

loading is 1.1 g/L and maximum PM loading is 1.6 g/L at the end of PM 

oxidation by passive oxidation). The high-fidelity model is able to predict non-

uniformities in the PM loading distribution.  

6. Permeability of the PM cake layer changes during PM oxidation. It is almost 

constant at the beginning of the PM oxidation and increases rapidly during PM 

oxidation. The PM cake permeability increases about 5 to 7 times during PM 

oxidation for the passive oxidation and active regeneration experiments. The 

increase in permeability is attributed to the damage in the PM cake layer 

(cracks and holes) and was simulated using the newly developed cake 

permeability model. 

7. The increase in permeability of the PM cake during PM oxidation by passive 

oxidation experiments are steeper than the active regeneration experiments 

(  6.0 versus  3.6) indicating higher damage in the PM cake due 

to lower oxidation rates with the NO2 assisted PM oxidation than thermal (O2) 

PM oxidation. 

8. The increased permeability of the PM cake layer during PM oxidation leads to 

lower pressure drop of the PM cake for the passive oxidation and active 

regeneration experiments. 

9. The wall pressure drop reduces during passive oxidation and active 

regeneration due to the oxidation on PM within the substrate wall. The 
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oxidation of PM within the wall substrate increases the permeability of the 

substrate wall and reduces the pressure drop. During PM oxidation by active 

regeneration, most of the PM in the wall is oxidized and the wall pressure drop 

approaches the clean wall pressure drop. 

10. The pressure drop model along with the newly developed cake permeability 

model has shown the capability to predict pressure drop across the filter during 

loading, PM oxidation by passive oxidation and active regeneration and post 

loading. The RMS error in the pressure drop estimate was less the 0.2 kPa for 

all eighteen experiments. 

 

7.3 Reduced order MPF Model Conclusions 

Based on the simulation results using the reduced order MPF model, the following specific 

conclusions can be made: 

1. The reduced order MPF model is able to simulate temperature distribution and 

PM mass retained and distribution and pressure drop of the CPF. 

2. From the discretization study, 5x5 zone SCR-F/CPF model was found to be 4 

times faster than the baseline 10x10 model with RMS temperature of 3.5oC, 

absolute PM loading difference of 1.6 g at the end of stage 4 loading and 

absolute pressure drop difference of 0.2 kPa at the end of stage 4 loading, 

compared to the experimental data. 

3. From the model reduction assumptions evaluation, by neglecting the reactions 

in the catalysts washcoat (without species solver), the SCR-F/CPF model runs 

32 times faster than the baseline model with species solver without affecting 

the prediction accuracy (RMS temperature difference is 2.8oC with species 

solver and 2.9oC without species solver compared to experimental data). 

4. The effect of NO2 back diffusion on PM oxidation is minimum (< 0.1 g of PM 

oxidized). Hence, the NO2 back diffusion effect is neglected in the reduced 

order model. 
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5. The absolute temperature difference between inlet channel gas and outlet 

channel gas is less than 2oC and RMS temperature difference during PM 

oxidation is within 1oC. Hence, for the purpose of the reduced order model 

development, the lumped model approach employed by applying average 

channel gas temperature for calculation of convection heat transfer between 

channels and the filter substrate is sufficient. 

6. Simulation error by neglecting the radiation heat transfer between channel gas 

and the filter wall is minimum. The RMS temperature difference increases from 

3.1 to 3.3oC and the PM post loading error reduces from 0.3 to 0.2 g and 

pressure drop error increases from -0.01 to -0.02 kPa and model run time is 

almost same for both cases. Hence, for the purpose of the reduced order model 

development, radiation heat transfer between channel gas and filter wall was 

neglected. 

 

7.4 DOC-CPF State Estimator Conclusions 

Based on the simulation results using the DOC-CPF state estimator, the following specific 

conclusions can be made: 

1. The DOC-CPF state estimator is able to simulate temperature distribution and 

PM mass retained and distribution and pressure drop of the CPF during PM 

loading, oxidation and post loading. The PM loading error is within 0.7 g at the 

end of stage 4 loading, the RMS temperature error during PM oxidation is 

2.7oC, pressure drop error is 0.5 kPa using the temperature estimator and the 

pressure drop estimates closely (< 0.1 kPa) simulate the experimental data 

with the linear pressure drop estimator. 

2. The DOC state estimator was integrated with the CPF estimator to provide 

DOC outlet temperature and concentrations (NO2 and THC) inputs to the CPF 

state estimator. The DOC outlet NO2 concentration is within 15 ppm and HC 

concentration is within 35 ppm of C3H6 compared to the experimental data. 
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7.5 Future Work 

Based on the simulation results of the high-fidelity SCR-F/CPF model, reduced order MPF 

model and DOC-CPF state estimator, the following are the recommendations for the future 

work: 

1. The newly developed cake permeability models can be validated on the real world 

duty cycles and transient operating conditions. During transient validation of the 

model, the PM oxidation rates varies continuously.Hence, the damage variable 

may have to be determined based on the real-time PM oxidation rates. The 

corresponding real-time mass offset values have to be calculated and applied to 

simulate PM cake permeability during continuously varying PM oxidation and PM 

loading of the damaged PM cake.  

2. This thesis work focused on the validation of SCR-F/CPF model for the CPF 

application. The temperature distribution, PM loading and pressure drop model 

developed in this thesis along with the newly developed cake permeability model 

can also be validated on the on-going SCR-F research work at MTU to validate the 

SCR-F/CPF model along with SCR reactions for the SCR-F type applications. 

3. The DOC-CPF estimator developed in this work could be implemented on an 

engine ECU to simulate temperature and PM mass distribution and pressure drop 

of the CPF. An ECU implementation of the DOC-CPF estimator needs to account 

for the part to part variation caused by the measurement devices such a 

temperature sensors, PM sensor and uncertainty associated with the map based 

inputs. For the accurate determination of PM loading and temperature distribution, 

the PM sensor input is very critical. However, the PM sensor is not available yet 

for the particulate filter applications. Use of the DOC-CPF estimator using the map 

based PM input rather than the actual PM sensor measurement, may lead to large 

estimation errors because of the uncertainty in the PM measurements because of 

the PM differences between engines parts (part to part variation), environmental 

conditions (temperature, altitude and humidity), engine health i.e. aging of the 

critical performance and emissions affecting parts such as injectors, power cylinder 

wear, cylinder head, valves etc.      
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4. DOC-CPF estimator could be further extended by adding species concentration 

solver to provide estimates of CPF outlet NO2 concentration for a DOC-CPF-SCR 

architecture. 

5. Cake pressure drop estimates from the CPF state estimator show potential to use 

as a pressure drop diagnostics tool for monitoring cake PM loading and other 

pressure drop components  in an ECU. This could be further explored by studying 

the model response for the various failure scenarios of the CPF.  

6. The model developed in this thesis accounted for the temperature distribution at 

the inlet of the CPF. However, the inlet pipe geometries affect the velocity and flow 

distribution at the inlet of the CPF. The flow distribution affects the PM distribution 

within the CPF. Hence, the PM distribution within the CPF could be further 

improved by adding inlet flow distribution models to include non-uniform 

distribution of flow caused by inlet pipe geometry. 
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Appendix A Thermal Boundary Layer Equations1 

A.1 Experimental Data Analysis 
 

As shown in Figure 3.6, the temperature factor for all eighteen runs are same. Hence, AR-

B10-1 experiment was used as the reference experiment for calculation of the thermal 

boundary layer coefficients. The temperatures measured by thermocouples C1-C4 were 

used for calculation of temperature factor. 

Table A 1 CPF inlet temperatures measured by C1-4 thermocouples and temperature factor 

 

 

Surface temperature (Ts) in the Table A 1 was extrapolated from C1-C4 thermocouple 

measurements as shown in Figures A 1 and A 2. 

 

 

 

 

 

 

    ______________________________ 
1 Parts of the material contained in this chapter are based on references [1, 2, 3] with permission 

of Springer. 

Radial 
distance in 

mm
Temperature ID

Temperature @ 
0.30 hrs in oC

Temperature @ 
5.8 hrs in  oC

Diameter 
ratio

Temperature 
Factor @ Stage 1 - 

loading  0.3 hrs 

Temperature 
Factor @ Active 

Regneration -  5.8 
hrs 

0 C1 (measured) 268.6 542.7 0.00 1.70 1.76

55 C2 (measured) 268.9 539.8 0.41 1.72 1.63

95 C3 (measured) 263.2 529.3 0.71 1.17 1.16

122 C4 (measured) 255.6 513.1 0.91 0.42 0.44

133 Ts (extrapolated) 251.3 503.2 1.00 0.00 0.00

Tm (calculated) 261.5 525.6

Tm/Ts 1.041 1.045

Avg Tm/Ts 1.043
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Figure A 1 CPF inlet temperature profile at 5.8 hrs 

 

 

Figure A 2 CPF inlet temperature profile at stage 1 loading 0.3 hrs 

The temperature factors [53] were calculated using equation A.1. The sample calculation 

at R1 = 0 mm is shown below 

Temperature factor = 
	

                                                                                                      (A.1)           

y = ‐55.848x3 + 23.718x2 ‐ 7.361x + 542.700
R² = 1.000
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Temperature factor @ R1, 0 mm @ 5.8 hrs = 
. .

. .
 = 1.76 

Figure A 3 shows the plots of temperature factors for stage 1 loading @ 0.3 hrs (a sample 

point at low temperature region of the test) and active regeneration @ 5.8 hrs (a sample 

point at high temperature region) test conditions. From Figure  A 3, it is evident that the  

temperature varies significantly between 0.3 (262oC) and 5.8 hrs (523oC), the temperature 

factor profile looks similar for both conditions, confirming that the one factor can be applied 

for the entire duration of the test. The following equation represents temperature factors 

of both test conditions with R2 value of 1.00. 

Temperature Factor @ x = -2.493x3 + 1.0585x2 - 0.3285x + 1.7631                             (A.2) 

Where x is the CPF diameter ratio.  

 

Figure A 3 Temperature factor 

Using Equation A.1 and knowing the temperature at any radial location at the CPF inlet, 

the temperatures at the other radial locations can be determined as shown below 

	 1 	                                                                                                     (A.3) 
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2 	 	 	 	                                                                           (A.4) 

Combining Equations (D.3) and (D.4) yields 

.
1                                                                                                                                                   (A.5) 

1 2. 0                                                                                                                  (A.6) 

Example calculation: To find temperature Ts, assume we have a temperature 

measurement T = 539.8oC at x = 0.41.From equation (C.2), F1 = 1.63 for x = 0.41. Then 

substituting F2 = 1.043 (from Table C 1), F1 = 1.63 and T = 539.8oC in equation (A.6), the 

Ts can be calculated as follows 

1.63	 1.043 ∗ 539.8 	 0 

and Ts = 504.4oC.Similarly, temperatures at other locations can be determined using 

equation (A.3). 

A.2 Thermally Fully Developed Flow Analysis 
 

The thermal boundary layer starts when the fluid enters the pipe whose surface 

temperature (  is different than the fluid temperature (  as shown in Fig. A 4.  

 

Figure A 4 Development of the thermal boundary layer 

The region of flow over which the thermal boundary layer develops and reaches the tube 

center is called the thermal entrance region [71], and the length of this region is called 

thermal entry length ( . The flow is thermally fully developed in the region beyond the 
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thermal entry length. The thermally fully developed condition is different from the 

hydraulically developed flow condition as shown by equations A.7 and A.8. 

Hydrodynamically fully developed:       
,

0 →                                  (A.7) 

Thermally fully developed:              
,

0                                                       (A.8) 

In case of thermally fully developed flow, the temperature profile can be different at 

different cross sections of the tube in the fully developed region of the flow. However, the 

dimensionless temperature profile is remained unchanged in the thermally fully developed 

region when the temperature or heat flux of the tube surface is remained constant. 

 
,

                                                                                                       (A.9) 

The relative growth of the velocity and thermal boundary layer can be expressed using the 

Prandtl number Pr. For fluids with Pr ≪ 1, the thermal boundary layer out grows velocity 

boundary layer. Hence, the thermal boundary layer is shorter than the velocity boundary 

layer. 

For laminar flow, the hydrodynamic and thermal entry lengths are given approximately as 

[71] 

, 0.05	 	                                                                                                                                                                                                                                                                                                                                                                                             (A.10) 

, 	 0.05	 Pr                                                                                                                                                                                                                                                                                                                                                                                      (A.11) 

The entry length is shorter for the turbulent flows because of the random fluctuations in 

the flow overshadows the effect of molecular diffusion. Therefore, the velocity and thermal 

entrance lengths are similar and they are independent of the Prandtl number. For turbulent 

flows, the hydrodynamic and thermal entry lengths are approximately taken as [71] 

 , , 	 10                                                                              (A.12) 

The sensitivity analysis of thermal entrance lengths (  for an exhaust flow of 7.9  

(AR-B10-1 experiment) at different diameters of exhaust pipe and CPF channel diameter 

at different PM cake layer thicknesses are shown in Table A 2. 
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Table A 2 Sensitivity analysis of thermal entrance lengths for different exhaust pipe diameters and CPF channel 
diameter at different PM cake layer thicknesses 

 

From the analysis in Table A.2, the flow is hydrodynamically and thermally fully developed 

at 21 mm from the inlet of the CPF. The thermocouple measurements used in this thesis 

for the inlet temperature distribution analysis is about 32 mm from the inlet of the CPF (C1 

to C4 in Fig. 3.3) indicating fully developed flow. The hydrodynamic and thermal entrance 

lengths are longer (1.5 to 2.7 mtrs) for the exhaust pipe in the upstream sections of DOC 

and downstream piping between DOC and CPF. The flow development is further affected 

by the discontinuities between DOC and CPF sections. Hence, the pipe geometry, flow 

paths, flow discontinuities, temperature sensor size and location have to be considered 

while developing inlet temperature distribution profile for the CPF.    

 

 

 

 

 

 

 

 

 

 

Location Temp.
Total 
Flow

Re Pr
L h   

laminar

L t  

laminar

L h   

turbulent

L t   

turbulent

in mtr μm mtr oC kg/sec (-) (-) mtr mtr mtr mtr

Exhaust Pipe 6.0 0.152 NA NA 530 0.13 3.0E+04 0.70 NA NA 1.5 1.5

Exhaust Pipe 8.0 0.203 NA NA 530 0.13 2.3E+04 0.70 NA NA 2.0 2.0

Exhaust Pipe 10.5 0.267 NA NA 530 0.13 1.7E+04 0.70 NA NA 2.7 2.7

CPF Channel 0.0591 0.0015 0 0.00E+00 530 0.13 277 0.70 0.021 0.015 NA NA

CPF Channel 0.0591 0.0015 15 1.50E-05 530 0.13 289 0.70 0.021 0.015 NA NA

CPF Channel 0.0591 0.0015 30 3.00E-05 530 0.13 301 0.70 0.022 0.015 NA NA

Diameter PM cake thickness
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Appendix B SCR-F/CPF Model Development Equations1 

 

The total volume of each zone (V), empty volume (Ve) and filter volume (Vf) are [13] 

, ∆                                                                                                                     (B.1) 

.
∆                                                                                                                                (B.2) 

,
	 , ,

                                                                                                                             (B.3) 

The inlet PM is assumed to be deposited uniformly over the entire volume of filter, hence 

mass of PM deposited in each zone is calculated as 

, 	
	 ,                                                                                                                                  (B.4) 

The average thickness of PM cake in each zone is calculated using total PM mass, PM 

density and channel geometry  as follows [21], 

, 	 	 	 ,

∆ ,

                                                                                                   (B.5) 

The empty volume while accounting for PM is calculated as follows (Ves), 

,
	 2 , ∆                                                                                                    (B.6) 

Finally, the PM cake volume is calculated as 

, , , ,
                                                                                                                (B.7) 

The detailed calculations and assumptions in discretization are explained in reference 

[13]. 

 

______________________________ 

1 Parts of the material contained in this chapter are based on references [1, 2,3] with permission of 

Springer. 
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Filter Temperature Equations 

The energy balance in the filter is affected by a) heat conduction along the length of the 

filter (axial conduction), b) heat conduction along radial direction of the filter (radial 

conduction), c) convection between filter and channel gas, d) energy released during 

oxidation of PM cake, and e) heat transfer due to radiation exchange between channel 

surfaces.  

The energy flow through wall is neglected as there will be no distinction between inlet and 

outlet channels [13]. Hence the energy balance equation for the filter is:  

( , ,

, 		 = . . , ,

                                                                                                                                                           (B.8) 

where,  is the filter substrate temperature. 

The axial and radial conduction along the length of the filter is calculated using resistance 

node methodology [13,55]: 

  .   = , ,  , 	 , 	

∆ ∆
	 , 	 , 	

∆ ∆
                                                         (B.9) 

  .    = , ,  , 	 , 	

/
	 , 	 , 	

/
                                                                  (B.10)                           

,
, ,

∆
                                                                                                                          (B.11) 

,
2 ∆                                                                                                                                (B.12) 

, 	 , 	 , 	

, 	 , 	
                                                                                                                     (B.13) 

The convection heat transfer between filter and channel gas is calculated using the 

equation 4.2 

The energy released during exothermic reactions is given by [13, 21] 

,  = , ∆ ,                                                                                                   (B.14) 

, 	= , ∆ 	                                                                                              (B.15) 
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,  =    ,  + ,                                                                                                (B.16) 

, 	 ∆ ∆                                                                                                                (B.17) 

where 	is the PM mass lost due to thermal (O2) oxidation of PM,    is the PM 

mass oxidized due to NO2 assisted combustion and  is the reaction rate of 

hydrocarbon,  is the thickness of the substrate and ∆  is the axial discretization length. 

The gas energy balance equation for the channel gas entering and leaving the zone is 

calculated using the equations 4.3 and 4.4. 

The mass flow rate to the each zone is given by  

, 	 	
,

∑ ,
                                                                                                                                  (B.18)   

Radiation between the channel surfaces: 

In the MPF model, each zone is treated as an enclosure as shown in Fig. A 1. The surface 

3 is the substrate wall with PM cake (black body radiation) and surface 1 and 2 are the 

inlet and outlet of this enclosure (the gas interface between the zones) which are assumed 

to be black for simplicity of the analysis and moreover radiation escaping the surface 1 

and 2 will be absorbed in to the adjacent black surface).  

 

Figure B 1 Schematic of a enclosure (zone) for the radiation heat transfer model 

 

Assuming channel gas is completely transparent to thermal radiation and the surfaces are 

black, the net radiation heat transfer between channel gas and filter wall can be 

determined as [71]: 

	 , 	 	                                                                              (B.19) 

,                                                                                                                                 (B.20)    
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,                                                                                                                                    (B.21)   

,                                                                                                                                  (B.22) 

The effect of internal radiation is very small at lower temperatures and could be more 

important over 600oC and could improve the model accuracy during uncontrolled 

regeneration events [55]. 

PM Oxidation 

The PM oxidation equations include PM oxidation by thermal (O2) and NO2 assisted 

reactions. The chemical reaction expression for thermal (O2) oxidation is [13] 

C O 	→ 2 0.5 CO 2 1 CO                                                                  (B.23) 

Similarly, the reaction equation for NO2 assisted oxidation is given by [21]  

	∝ 		 0  →	∝ 	NO + 	2 ∝ 	  CO + 	∝ 	1  CO2                         (B.24) 

The oxidation of PM mass on the surface due to thermal and NO2 assisted oxidation is 

equal to  

, ,                                                                                                       (B.25) 

, ,                                                                                          (B.26) 

The Arrehenius reaction rate for thermal and NO2 assisted reaction is equal to: 

	 , / ,                                                                                               (B.27) 

	 , / ,                                                                                         (B.28) 

Velocity Equations 

From Depcik et al [13], the average inlet channel velocity can be determined as:  

|
									

.
                                                                                                                  (B.29) 

Using the Equation (B 29), the radial zone velocity (mass flow is axially same for each 

zone) is calculated as: 
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|
									 ,

, .
                                                                                                              (B.30)   

where 	is the average PM cake thickness in each radial zone and 	is the number of 

inlet channels in each radial zone. 

From Depcik et al [13], average velocity through the PM cake ( ) and wall layers	  

is: 

									

. 	
                                                                                                                    (B.31) 

.
                                                                                                                          (B.32)     

Writing the (B.31) and (B.32) equations for each radial zone is, 

				 ,

, . 	
                                                                                                                 (B.33) 

	
.

                                                                                                                         (B.34)  

From Depcik et al [13], average velocity through the inlet channel ( ) and outlet channel 

	  is: 

|  = |
.
	∆                                                                                                          (B.35) 

|  = | 	∆                                                                                                         (B.36)   

Writing the (B.35) and (B.36) equations for each radial zone, 

| ,  = | , .
	∆                                                                                                     (B.37) 

| ,  = | , 	∆                                                                                                     (B.38)   

The detailed formulation of Equations (B.30, 31, 32, 33 and 34) are found in reference 

[13].  
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Filter Temperature Boundary Conditions 

At the inlet of MPF model (for nodes i = 1 to imax and j = 1), the temperature profile is 

calculated using the thermal boundary layer Equation (12) and the CPF inlet temperature 

at a given location. At the center of the filter (for i =1, j = 1 to jmax) due to the symmetry, 

the boundary condition equals to [13] 

0                                                                                                                                 (B.39) 

At the exterior of the CPF (i = imax, j = 2 to jmax),  

( , , , ,
, 		 = . .

, ,                                                                    (B.40) 

 

 

 

 

 

 

 

Figure B 2 Thermal resistance due to insulation and metal can 

The radial conduction heat transfer is given as: 

 . 	= 

	 , ,
, 	 , 	

	 ,

,
	 ,

,
	 ,

					 , 	                                                                                       (B.41) 

                                                                                                                      

Substrate 

Insulation 

Metal can 
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The surface area of the CPF is calculated as follows 

∆                                                                                                                              (B.42) 

The equation B.41 accounts for the thermal resistance of the insulation and metal can as 

well along with the radiation heat transfer to the ambient air as shown in Figure B 1. 
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Appendix C Filtration and Pressure Drop Model Equations1 

C.1 Filtration Model Equations 
 

In filtration sub-model, the substrate wall is divided in to  (  = 4) number of slabs. 

Each slab consists of several spherical wall collectors [15, 61]. The diameter of unit 

collector increases as the PM accumulates in to the collector. The initial diameter of the 

unit collector is given as 

,
,

,
,                                                                                                                                                                                                                                                                                                                                                                                                   C.1 

The number of pores in each zone of the substrate wall is given as [14] 

,
,

,
                                                                                                                                                                                                                                                                                                                                                                                                                                              C.2 

The empty volume of the substrate wall is given as  

, 	 , ,
                                                                                                                                                                                                                                                                                                                                                                                                                                                                C.3 

The number of pores in each slab at each zone is calculated as  

, 	
,                                                                                                                                                                                                                                                                                                                                                                                                                                                                              C.4 

where, n is 1, 2, 3 and 4. 

Wall collector efficiency at each slab is calculated as 

, 	 	 , , , , , 	

                                                                                                                                                                                                                                                                                                            C.5 

The filtration efficiency of a unit collector in the PM cake layer is calculated as  

, 	 , , , ,
                                                                                                                                                                                                                                                                                                                                                                          C.6 

 

______________________________ 
1 Parts of the material contained in this chapter are based on references [1, 2,3] with permission of 

Springer. 
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Partition coefficient is used to determine transition from deep bed filtration regime to 

cake filtration regime and it is calculated as  

Φ 	
, , , 	 	

, 	
                                                                                                                                                                                                                                                                                                                                                                                      C.7 

where, 	 	  is the unit collector diameter in the first slab of the substrate wall at a 

given axial and radial direction, Ψ is the percolation factor and b is the unit cell diameter 

and it is calculated as 

, , 1 ,                                                                                                                                                                                                                                                                                                                                                                                                                                                                               C.8 

The detailed formulation of equations (C.5) to (C.7) is explained in references [23]. 

 

C.2 Pressure Drop Model Equations 
 

In pressure drop sub model, the pressure drop at each radial section is calculated by 
starting out with exit pressure | 	=  and then traversing through all possible 
streamlines (dashed lines) shown in Figure C 1.  

 

Figure C 1 Schematic of the streamlines (shown a dashed lines) used for calculating the pressure drop across CPF for 
3x1 zone model (4 axial and 1 radial discretization). 
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The absolute pressure of radial section (  is calculated by following the streamlines 
(	 1, 2	 	 3  shown below 

| , → 	∆ , → ∆ , → → →                                                                                                                                                                                                                               C.9 

| , → 	 → ∆ , → ∆ , → →                                                                                                                                                                                                                          C.10 

| , → 	 → → ∆ , → ∆ , →                                                                                                                                                                                                                      C.11 

 

The pressure drop in the outlet channel stream lines ( ,	 ,	  and ) are calculated 
using the following equation 

| , 	 | , , ,
∆ | ,                                                                                                                                                                                          C.12 

The pressure drop in the inlet channel stream lines ( ,	 ,	  and ) are calculated using 
the following equation 

| , 	 | , , ,
∆

∗
| ,                                                                                                                                                                               C.13 

The wall pressure drop at each zone is calculated using the following equation 

∆
, , ,

,
                                                                                                                                                                                                                                                                                                                                                                                                            C.14 

The cake pressure drop at each zone is calculated using the following equation 

∆
, , ,

,

,
                                                                                                                                                                                                                                                                                                                                                                                                       C.15 

The pressure drop across each radial section is calculated as 

∆ , , | | ,                                                                                                                                                                                                                                                                                                                                                             C.16 
∆ , , | | ,                                                                                                                                                                                                                                                                                                                                                             C.17 
∆ , , | | ,             
 
The overall pressure drop of the CPF is calculated using the following equation 

∆
∑ 	 ∑ ∆ ,

                                                                                                                                                                                                                                                                                                                                            C.18 
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Appendix D Post Loading Permeability1 

 

During post loading of PM in the CPF, the cracks and holes formed in the PM cake during 

PM oxidation is filled by the incoming PM. This damage recovery process of the PM cake 

reduces the permeability. Figure D 1 shows the relative change in permeability during post 

loading for the passive oxidation experiments.  For this analysis, all the passive oxidation 

experiment runs listed in Table 3.3 were used except PO-B10-14 because of very low PM 

oxidation rates causing gain in PM mass retained during PM oxidation. The post loading 

permeability ratios for the PO-B10-14 experiment were in the range of 1 to 1.10. 

 

Figure D. 1 Relative change in permeability ratio during the post loading for the passive oxidation 

experiments 

From the data presented in Figure D 1, the PM cake permeability during post loading is 

calculated as  

, ,
	∑ ,

,
,                                                                                   D.1 

where, , is the PM cake layer permeability accounting for the damage in the PM cake 

during PM oxidation (passive oxidation and active regeneration),  

______________________________ 
1 Parts of the material contained in this chapter are based on references [1, 2, 3] with permission 

of Springer. 
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,
	is the PM cake layer permeability accounting for the changes in mean free path length 

of the gas at each zone,	  is the slope of the post loading cake permeability equation, 

 is the constant for the post loading cake permeability equation and ,  is the mass 

of cake PM in each zone. 

Figure D 2 shows the change in permeability during the post loading for the active 

regeneration experiments. In Fig. D 2, it can be seen that the permeability ratio changes 

are non-monotonic and non-linear indicating that the PM cake appears to exhibit a kind of 

“deep bed” filtration during the damage recovery with PM being primarily in the cracks at 

lower PM cake masses at the beginning of the post loading. For the SCR-F/CPF model, it 

was determined to use Eqn. D.1 for the passive oxidation and active regeneration 

experiments to calculate PM cake layer permeability during post loading. The post loading 

cake permeability calibration coefficients  and  were determined independently for 

passive oxidation and active regeneration experiments to minimize the overall pressure 

drop simulation error of all eighteen experiments during post loading.  

 

Figure D. 2 Relative change in permeability ratio during the post loading for the active regeneration 

experiments 

 

 



202 
 

Appendix E High Fidelity MPF Model Summary1 
Table E. 1 Comparison of experimental and model average CPF outlet gas temperature 5 mins. before 

end of PO/AR phase 

 

Table E. 2 Comparison of experimental and model total filtration efficiency during stage 2 loading 

 

______________________________ 
1 Parts of the material contained in this chapter are based on references [1, 2,3] with permission 

of Springer. 

Expt. Model Diff

1 PO-B10-14 250 251 1

2 PO-B10-15 354 356 2

3 PO-B10-16 411 414 4

4 PO-B10-17 354 356 2

5 PO-B20-12 349 351 3

6 PO-B20-13 406 410 4

7 AR-ULSD-1 577 580 4

8 AR-ULSD-2 598 612 14

9 AR-ULSD-4 538 544 5

10 AR-ULSD-5 536 541 4

11 AR-ULSD-6 551 555 4

12 AR-B10-1 538 545 7

13 AR-B10-2 538 543 6

14 AR-B10-4 571 574 4

15 AR-B20-1 480 482 2

16 AR-B20-2 514 517 3

17 AR-B20-5 541 546 4

18 AR-B20-6 552 556 4

No
DNCPF [5 mins. before end of 

PO/AR)

RMS error 5

Average Filter Oulet Gas Temperature (oC)

Expt.name

Expt. Model Diff

1 PO-B10-14 97.0 97.1 0.1

2 PO-B10-15 96.6 97.1 0.5

3 PO-B10-16 96.6 97.1 0.5

4 PO-B10-17 96.6 97.1 0.5

5 PO-B20-12 96.6 97.1 0.5

6 PO-B20-13 97.0 97.1 0.1

7 AR-ULSD-1 97.2 97.2 0.0

8 AR-ULSD-2 97.9 97.1 -0.8

9 AR-ULSD-4 96.8 97.2 0.4

10 AR-ULSD-5 95.4 97.1 1.7

11 AR-ULSD-6 97.2 97.1 -0.1

12 AR-B10-1 97.5 97.1 -0.4

13 AR-B10-2 97.5 97.1 -0.4

14 AR-B10-4 96.5 97.2 0.7

15 AR-B20-1 97.3 97.1 -0.2

16 AR-B20-2 98.2 97.1 -1.1

17 AR-B20-5 97.1 97.1 0.0

18 AR-B20-6 93.5 97.1 3.6

No Expt.name Stage 2

RMS error 1.0

Filtration Efficiency
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Table E. 3 Comparison of experimental and model PM mass retained at the end of stage 1, stage 2, 

stage 3 and stage 4 loading 

 

Table E. 4 Fractional PM mass oxidized during passive oxidation and active regeneration phases of all 

experiments 

 

Expt. Model Diff Expt. Model Diff Expt. Model Diff Expt. Model Diff

1 PO-B10-14 4.3 2.7 -1.6 36.4 34.8 -1.6 42.8 41.4 -1.4 50.8 49.9 -0.9

2 PO-B10-15 4.6 3.0 -1.6 35.9 34.0 -1.9 27.0 26.7 -0.3 36.9 36.3 -0.6

3 PO-B10-16 4.3 2.7 -1.6 36.5 34.9 -1.6 26.0 28.5 2.5 35.1 37.5 2.4

4 PO-B10-17 4.6 3.0 -1.6 37.0 35.9 -1.1 29.8 28.7 -1.1 39.4 37.2 -2.2

5 PO-B20-12 3.6 2.3 -1.3 39.1 38.7 -0.4 28.9 30.1 1.2 37.1 37.6 0.5

6 PO-B20-13 4.0 2.5 -1.5 38.5 37.7 -0.8 27.2 27.7 0.5 36.1 36.0 -0.1

7 AR-ULSD-1 6.0 4.7 -1.3 44.3 41.4 -2.9 25.2 22.3 -2.9 38.4 35.8 -2.6

8 AR-ULSD-2 5.6 4.4 -1.2 44.0 41.9 -2.1 15.7 18.4 2.7 27.7 31.4 3.7

9 AR-ULSD-4 4.4 3.7 -0.7 43.5 42.8 -0.7 25.9 25.5 -0.4 35.9 34.6 -1.3

10 AR-ULSD-5 5.4 4.1 -1.3 41.1 40.3 -0.8 25.2 27.4 2.2 37.1 38.7 1.6

11 AR-ULSD-6 5.6 3.6 -2.0 41.9 39.5 -2.4 23.3 21.5 -1.8 35.8 33.2 -2.6

12 AR-B10-1 4.0 3.1 -0.9 43.2 42.9 -0.3 18.8 17.8 -1.0 27.9 28.1 0.2

13 AR-B10-2 3.7 2.9 -0.8 40.7 38.4 -2.3 18.2 18.8 0.6 27.4 29.4 2.0

14 AR-B10-4 4.0 3.4 -0.6 40.9 40.5 -0.4 18.8 17.6 -1.2 29.1 30.2 1.1

15 AR-B20-1 3.0 2.1 -0.9 37.5 35.5 -2.0 25.2 22.0 -3.2 33.0 31.2 -1.8

16 AR-B20-2 3.7 2.2 -1.5 37.9 36.7 -1.2 15.4 12.8 -2.6 23.0 21.7 -1.3

17 AR-B20-5 3.5 2.2 -1.3 36.9 35.8 -1.1 10.0 10.3 0.3 18.4 19.6 1.2

18 AR-B20-6 3.6 2.9 -0.7 39.9 40.4 0.5 14.1 13.1 -1.0 23.1 23.6 0.5

RMS error 1.3 1.5 1.8 1.8

PM retained [g]

Stage-1 Stage-2 Stage-3 Stage-4Expt.nameNo

Temprature NO2-assisted Thermal (O2)

(oC) (-) (-)

1 PO-B10-14 253 1.00 0.00

2 PO-B10-15 355 0.99 0.01

3 PO-B10-16 408 0.94 0.06

4 PO-B10-17 356 0.99 0.01

5 PO-B20-12 350 0.98 0.02

6 PO-B20-13 403 0.92 0.08

7 AR-ULSD-1 554 0.05 0.95

8 AR-ULSD-2 581 0.05 0.95

9 AR-ULSD-4 526 0.08 0.92

10 AR-ULSD-5 524 0.07 0.93

11 AR-ULSD-6 532 0.05 0.95

12 AR-B10-1 530 0.11 0.89

13 AR-B10-2 528 0.14 0.86

14 AR-B10-4 554 0.08 0.92

15 AR-B20-1 476 0.34 0.66

16 AR-B20-2 503 0.14 0.86

17 AR-B20-5 528 0.12 0.88

18 AR-B20-6 531 0.13 0.87

No Expt.name
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Table E. 5 Comparison of experimental and model pressure drop during end of stage 2 loading, PO/AR 

phase and stage 4 loading phase of the experiment 

 

 

 

 

 

 

 

 

 

 

Expt. Model Diff Expt. Model Diff Expt. Model Diff

1 PO-B10-14 5.8 5.7 -0.1 2.4 2.5 0.1 6.5 6.6 0.1

2 PO-B10-15 5.9 5.7 -0.2 2.3 2.5 0.2 4.5 4.6 0.0

3 PO-B10-16 5.8 5.6 -0.2 6.1 6.2 0.1 4.4 4.6 0.2

4 PO-B10-17 5.9 5.8 -0.1 2.6 2.6 0.0 4.0 3.9 0.0

5 PO-B20-12 5.9 5.9 0.0 2.5 2.5 0.0 4.5 4.6 0.1

6 PO-B20-13 5.9 5.8 -0.1 5.9 5.5 -0.4 4.3 4.5 0.1

7 AR-ULSD-1 6.0 5.9 0.0 4.2 3.8 -0.4 5.1 5.1 -0.1

8 AR-ULSD-2 6.0 5.8 -0.1 5.8 5.5 -0.3 4.5 4.5 0.0

9 AR-ULSD-4 6.0 5.9 -0.1 3.5 3.4 -0.1 3.8 3.8 0.1

10 AR-ULSD-5 5.9 5.9 -0.1 3.7 3.3 -0.3 4.9 5.0 0.1

11 AR-ULSD-6 6.1 6.0 -0.2 3.8 3.3 -0.5 4.7 4.5 -0.3

12 AR-B10-1 6.1 6.1 0.0 3.5 3.3 -0.2 4.4 4.3 0.0

13 AR-B10-2 5.9 5.8 -0.1 3.6 3.6 0.0 4.4 4.4 0.0

14 AR-B10-4 6.0 5.8 -0.2 4.2 4.1 -0.1 4.6 4.5 -0.1

15 AR-B20-1 5.3 5.8 0.5 3.3 2.9 -0.4 4.8 4.5 -0.2

16 AR-B20-2 6.0 5.8 -0.2 3.2 3.1 -0.1 4.3 3.9 -0.3

17 AR-B20-5 5.8 5.7 -0.1 3.2 3.3 0.1 4.1 3.8 -0.3

18 AR-B20-6 6.0 6.0 0.0 3.8 3.7 0.0 4.4 4.0 -0.3

RMS error 0.2 0.20.2

Pressure Drop (kPa)

End of Stage-2 Loading  (5 
mins, before end of stage 1)

End-of-PO/AR (5 mins 
before end of PO/AR)

End-of-post-loading (5 
mins before end of stage 

4)
Expt.nameNo
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Table E. 6 Comparison of experimental and model NO2 concentration values 

 

 

 

 

 

 

 

 

 

 

 

 

 

UPCPF UPCPF UPCPF

Expt. Expt. Model Diff Expt. Expt. Model Diff Expt. Expt. Model Diff

1 PO-B10-14 25 44.0 49.5 5.5 112.0 142.0 179.1 37.1 28.0 48.0 53.5 5.5

2 PO-B10-15 27 48.0 50.1 2.1 101.0 113.0 111.4 -1.6 22.0 45.0 46.5 1.5

3 PO-B10-16 23 42.0 47.5 5.5 61.0 84.0 65.3 -18.7 23.0 48.0 47.8 -0.2

4 PO-B10-17 22 46.0 45.7 -0.3 90.0 109.0 104.3 -4.7 9.0 25.0 39.6 14.6

5 PO-B20-12 25 43.0 49.7 6.7 90.0 112.0 108.2 -3.8 28.0 46.0 53.3 7.3

6 PO-B20-13 17 36.0 42.6 6.6 64.0 92.0 68.8 -23.2 24.0 49.0 48.8 -0.2

7 AR-ULSD-1 20 36.0 45.2 9.2 4.0 11.0 11.3 0.3 17.0 41.0 42.4 1.4

8 AR-ULSD-2 31 48.0 57.4 9.4 7.0 19.0 4.6 -14.4 26.0 50.0 56.8 6.8

9 AR-ULSD-4 27 48.0 54.8 6.8 8.0 23.0 21.2 -1.8 29.0 54.0 64.4 10.4

10 AR-ULSD-5 29 49.0 54.3 5.3 6.0 30.0 24.4 -5.6 31.0 56.0 52.2 -3.8

11 AR-ULSD-6 26 45.0 51.0 6.0 4.0 32.0 24.1 -7.9 25.0 50.0 50.8 0.8

12 AR-B10-1 25 46.0 49.7 3.7 4.0 29.0 25.9 -3.1 27.0 49.0 51.0 2.0

13 AR-B10-2 25 42.0 50.1 8.1 7.0 16.0 23.3 7.3 26.0 50.0 50.0 0.0

14 AR-B10-4 26 45.0 40.8 -4.2 3.0 10.0 10.7 0.7 26.0 52.0 35.1 -16.9

15 AR-B20-1 30 43.0 53.8 10.8 10.0 47.0 34.7 -12.3 33.0 59.0 57.3 -1.7

16 AR-B20-2 25 48.0 49.7 1.7 4.0 36.0 33.6 -2.4 30.0 55.0 52.1 -2.9

17 AR-B20-5 25 44.0 50.6 6.6 7.0 32.0 30.7 -1.3 27.0 54.0 51.0 -3.0

18 AR-B20-6 23 42.0 47.2 5.2 10.0 17.0 20.6 3.6 24.0 45.0 47.6 2.6

PO/AR Stage 4 Loading

RMS error 6.3 12.6 6.6

DNCPF DNCPFDNCPFNo Expt.name

Stage 2 Loading
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Appendix F Temperature Distribution and Pressure Drop 

Plots 

F.1 Temperature Distribution Plots 

 

Figure F. 1 High-fidelity SCR-F/CPF model simulated temperature distribution for PO-B10-14 experiment 

at 5.47 hrs (3 minutes after start of oxidtion) 

 

Figure F. 2 Experimental temperature distribution for PO-B10-14 experiment at 5.47 hrs (3 minutes after 

start of oxidation) 
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Figure F. 3  High-fidelity SCR-F/CPF model simulated temperature distribution for PO-B10-16 

experiment at 4.93 hrs (3 minutes after start of oxidation) 

 

Figure F. 4 Experimental temperature distribution for PO-B10-16 experiment at 4.93 hrs (3 minutes after 

start of oxidation) 
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Figure F. 5 High-fidelity SCR-F/CPF model simulated temperature distribution for PO-B10-17 experiment 

at 5.01 hrs (3 minutes after start of oxidation) 

 

Figure F. 6  Experimental temperature distribution for PO-B10-17 experiment at 5.01 hrs (3 minutes after 

start of oxidation) 
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Figure F. 7  High-fidelity SCR-F/CPF model simulated temperature distribution for PO-B20-12 

experiment at 6.52 hrs (3 minutes after start of oxidation) 

 

Figure F. 8  Experimental temperature distribution for PO-B20-12 experiment at 6.52 hrs (3 minutes after 

start of oxidation) 
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Figure F. 9  High-fidelity SCR-F/CPF model simulated temperature distribution for PO-B20-13 

experiment at 5.51 hrs (3 minutes after start of oxidation) 

 

Figure F. 10  Experimental temperature distribution for PO-B20-13 experiment at 5.51 hrs (3 minutes 

after start of oxidation) 
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Figure F. 11 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-B10-2 experiment 

at 5.28 hrs (3 minutes after start of oxidation) 

 

Figure F. 12 Experimental temperature distribution for AR-B10-2 experiment at 5.28 hrs (3 minutes after 

start of oxidation) 
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Figure F. 13 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-B10-4 experiment 

at 5.03 hrs (3 minutes after start of oxidation) 

 

Figure F. 14 Experimental temperature distribution for AR-B10-4 experiment at 5.03 hrs (3 minutes after 

start of oxidation) 
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Figure F. 15 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-B20-1 experiment 

at 6.25 hrs (3 minutes after start of oxidation) 

 

Figure F. 16 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-B20-2 experiment 

at 6.13 hrs (3 minutes after start of oxidation) 
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Figure F. 17 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-B20-5 experiment 

at 5.86 hrs (3 minutes after start of oxidation) 

 

Figure F. 18 Experimental temperature distribution for AR-B20-5 experiment at 5.86 hrs (3 minutes after 

start of oxidation) 
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Figure F. 19 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-B20-6 experiment 

at 5.70 hrs (3 minutes after start of oxidation) 

 

Figure F. 20 Experimental temperature distribution for AR-B20-6 experiment at 5.70 hrs (3 minutes after 

start of oxidation) 
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Figure F. 21 High-fidelity SCR-F/CPF model simulated temperature distribution for PO-B20-13 

experiment at 5.51 hrs (3 minutes after start of oxidation) 

 

Figure F. 22 Experimental temperature distribution for PO-B20-13 experiment at 5.51 hrs (3 minutes 

after start of oxidation) 
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Figure F. 23 High-fidelity SCR-F/CPF model simulated temperature distribution for PO-B20-13 

experiment at 5.51 hrs (3 minutes after start of oxidation) 

 

Figure F. 24 Experimental temperature distribution for PO-B20-13 experiment at 5.51 hrs (3 minutes 

after start of oxidation) 
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Figure F. 25 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-ULSD-5 

experiment at 4.10 hrs (3 minutes after start of oxidation) 

 

Figure F. 26 Experimental temperature distribution for AR-ULSD-5 experiment at 4.10 hrs (3 minutes 

after start of oxidation) 
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Figure F. 27 High-fidelity SCR-F/CPF model simulated temperature distribution for AR-ULSD-6 

experiment at 4.08 hrs (3 minutes after start of oxidation) 

 

Figure F. 28 Experimental temperature distribution for AR-ULSD-6 experiment at 4.08 hrs (3 minutes 

after start of oxidation) 
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F.2 Pressure Drop Plots 

 

Figure F. 29 Comparison of experimental and simulated total pressure drop across CPF and its 

components for PO-B10-14 experiment 

 

Figure F. 30 Comparison of experimental and simulated total pressure drop across CPF and its 

components for PO-B10-16 experiment 
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Figure F. 31 Comparison of experimental and simulated total pressure drop across CPF and its 

components for PO-B10-17 experiment 

 

Figure F. 32 Comparison of experimental and simulated total pressure drop across CPF and its 

components for PO-B20-12 experiment 
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Figure F. 33 Comparison of experimental and simulated total pressure drop across CPF and its 

components for PO-B20-13 experiment 

 

Figure F. 34 Comparison of experimental and simulated total pressure drop across CPF and its 

components for AR-B10-2 experiment 
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Figure F. 35 Comparison of experimental and simulated total pressure drop across CPF and its 

components for AR-B10-4 experiment 

 

Figure F. 36 Comparison of experimental and simulated total pressure drop across CPF and its 

components for AR-B20-1 experiment 
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Figure F. 37 Comparison of experimental and simulated total pressure drop across CPF and its 

components for AR-B20-2 experiment 

 

Figure F. 38 Comparison of experimental and simulated total pressure drop across CPF and its 

components for AR-B20-5 experiment 
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Figure F. 39 Comparison of experimental and simulated total pressure drop across CPF and its 
components for AR-B20-6 experiment 

 

Figure F. 40 Comparison of experimental and simulated total pressure drop across CPF and its 
components for AR-ULSD-1 experiment 
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Figure F. 41 Comparison of experimental and simulated total pressure drop across CPF and its 
components for AR-ULSD-2 experiment 

 

Figure F. 42 Comparison of experimental and simulated total pressure drop across CPF and its 
components for AR-ULSD-4 experiment 
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Figure F. 43 Comparison of experimental and simulated total pressure drop across CPF and its 
components for AR-ULSD-5 experiment 

 

Figure F. 44 Comparison of experimental and simulated total pressure drop across CPF and its 
components for AR-ULSD-6 experiment 
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Appendix G Model Improvements over Prior Works and Flow 

Distribution Effect 
 

G.1 Model Improvements over Prior Works 
 

The model improvements in temperature and PM mass distribution and pressure drop 

simulation in comparison with prior works are presented in this section for a sample 

experiment of AR-B10-1 experiment. 

 

Temperature Distribution 

Figure G 1 shows the simulated temperature distribution for AR-B10-1 experiment at 5.63 

hrs (15 minutes after start of fuel dosing) with constant inlet temperature distribution 

assumption used in references [13, 23]. Comparing Figure G 1 with experimental 

temperature distribution in Figure 4.32, the model over predicts temperature by ≅ 35 oC. 

 

Figure G 1 Simulated temperature distribution in oC for AR-B10-1 experiment at 5.63 hrs (15 minutes after 

start of fuel dosing) with constant inlet temperature distribution assumption in references [13,  23] (without fully 

developed boundary layer equations for temperature distribution) 
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PM Distribution 

Figure G 2 shows the simulated PM mass loading distribution along axial and radial 

direction at the end of PM oxidation (at 5.82 hrs) by active regeneration for AR-B10-1 

experiment with constant inlet temperature assumption. Comparing the simulated PM 

loading distribution in Figure G 2 with the Figure 4.37, the model under predicts the PM 

distribution by ≅ 0.8 g/L with constant inlet temperature assumption. This is mainly 

because of the higher CPF temperatures at the outer radiuses of the filter with constant 

inlet temperature assumption compared to the experimental temperature distribution 

because of lack consideration of thermal boundary layer development in the flow. The new 

model developed in this thesis accounts for the boundary layer development in the flow 

and uses the full developed boundary layer equations explained in Appendix A to develop 

temperature profile inlet to the CPF. 

 

Figure G 2 Simulated PM mass loading distribution in g/L along the axial and radial directions at 5.82 hrs (end 

of PM oxidation by active regeneration) for AR-B10-1 experiment with constant inlet temperature assumption 

in references [13, 72, 23] (without fully developed boundary layer equations for temperature distribution) 
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Pressure Drop 

Figure G 3 shows the comparison of experimental and simulated total pressure drop 

across CPF and its components during AR-B10-1 experiment without slip flow correction 

for wall and cake permeability as in references [13, 14, 23]. 

 

Figure G 3 Comparison of experimental and simulated total pressure drop across CPF and its components for AR‐B10‐1 

experiment without slip flow correction for wall and cake permeability as in references [13, 14, 23] 

From Figure G 3, the model over predicts the pressure drop by ≅ 0.6 kPa during AR ramp 

(5.22 to 5.38 hrs). Similarly, the model over predicts the pressure drop by ≅ 1.7 kPa at the 

start of PM oxidation by active regeneration (5.4 hrs). This is mainly because of the 

absence of the slip flow effect in the model. During high temperature flow, the permeability 

of the substrate wall and PM cake increases causing reduced pressure drop. The new 

SCR-F/CPF model accounts for the permeability increase in the substrate wall and PM 

cake layer due to the slip flow. Comparing Figure G 3 with Figure 4.39, the model error 

reduced to < 0.3 kPa during AR ramp phase (5.3 hrs) and < 0.1 kPa at the start of PM 

oxidation (5.4 hrs) with slip flow correction for wall and cake permeability.  

The permeability increase for the PM cake layer is modeled using Versaevel correction 

[33] as shown in Eqn. 4.19. The substrate wall permeability is modeled using Pulkrabek 

correction [32] as shown in Eqn. 4.18. The Stokes-Cunningham correction [54] is widely 

used in the literatures for the slip flow correction in the substrate wall. For the experimental 
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data presented in this thesis, the Stokes-Cunningham correction is small compared to the 

permeability correction proposed by Pulkrabek as shown in Fig. G 4. By optimizing the 

constant C4 in Pulkrabek Eqn. 4.18, pressure drop estimates are closer to the 

experimental data. Hence, Pulkrabek correction factor is used in this thesis for the wall 

permeability correction. The magnitude of correction observed in the temperature range 

of 550 to 800K in this work is comparable (≅ 20%) with corrections reported by Pulkrabek 

as shown in Figure 2.7. 

 

Figure G 4 Comparison of normalized wall permeability correction between Pulkrabek formulation and Stokes‐

Cunningham formulation 

Figure G 4 shows the comparison of experimental and simulated total pressure drop 

across CPF and its components during AR-B10-1 experiment without new cake 

permeability model during PM oxidation (5.38 to 5.82 hrs) and post loading (>5.82 hrs) as 

in references [13, 14, 23]. Comparing Figure G 4 with Figure 4.39, the model over predicts 

pressure drop at the end of PM oxidation by ≅ 0.5 kPa. This is mainly because of the 

potential PM cake layer damage during PM oxidation causing increased flow through the 

cracks and holes which results in reduced pressure drop through the PM cake layer. The 

models in the references [13, 14, 23] neglected this effect or used flow correction factors 

to compensate this effect. The newly developed cake permeability model in this thesis 

accounts for the permeability increase due to the PM cake damage and able to closely 

simulate the experimental pressure drop (within 0.1 kPa) as shown in Figure 4.39. During 
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post loading (>5.82 hrs), the simulated total pressure drop is higher than the measured 

total pressure drop in Figure G 4 by ≅ 0.4 kPa at the end of post loading. This is mainly 

because of the damaged PM cake layer from the earlier PM oxidation event. With new PM 

cake permeability model, the increased permeability during post loading process is 

accounted using the post loading permeability Eqn. D.1 shown in Appendix D. The 

pressure drop error with the new cake permeability is model is <0.1 kPa at the end of post 

loading. 

 

Figure G 5 Comparison of experimental and simulated total pressure drop across CPF and its components for AR‐B10‐1 

experiment without new cake permeability model during PM oxidation and post loading as in references [13, 14, 23] 

 

G.2 Flow Distribution Effect 

 

The PM distribution is also affected by the flow distribution at the inlet of the CPF. Ranalli 

et al. [19] show that at lower flow rates, the flow distribution tends to become 

homogeneous as the PM loading increases. However, at higher flow rates, the PM 

distribution is non-homogeneous because of the inlet pipe geometry (shape, size, layout 



233 
 

etc.). The inlet pipe geometries affect the velocity and flow distribution within the pipe. The 

flow distribution could affect PM loading as well as pressure drop distribution within the 

CPF. Hence, the flow distribution effect on PM distribution has to be accounted as 

indicated in future work (Chapter 7.5) of this thesis. The model presented in this thesis 

assumes the uniform flow distribution at the inlet of the CPF. The simulated pressure drop 

distribution for radial sections 1 to 5 (diameter of 0 to 133 mm) during AR-B10-1 

experiments are shown in Figure G 6 and for radial sections 6 to 10 (diameter of 133 to 

267) are shown in Figure G 7. Figure G 8 shows the comparison of the radial sections 1 

(at the center of the filter) and 10 (at outer radius of the filter). From Figures G 6, G 7 and 

G8, the pressure drop curves during stage 1 and stage 2 loading (< 4.9 hrs) are 

comparable between the radial sections. The pressure drop at the outer radiuses of the 

CPF increases during PM oxidation. The pressure drop at the outer radius of the filter 

increases by 0.8 kPa compared to the center of the filter at the end post loading. This 

increase in pressure drop at the outer radius is because of the increased PM loading at 

the outer radiuses of the filter compared to the center of the filter caused by the lower 

substrate temperatures. 
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Figure G 6 Simulated total pressure drop distribution in kPa for AR‐B10‐1 experiment with constant inlet flow 
distribution assumption along radial sections 1 to 5 
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Figure G 7 Simulated total pressure drop distribution in kPa for AR‐B10‐1 experiment with constant inlet flow 
distribution assumption along radial sections 6 to 10 

 

 

 

 

 

 

 

 

 



236 
 

 

Figure G 8 Comparison of simulated total pressure drop distribution in kPa for AR‐B10‐1 experiment for radial sections 
1 and 10 with constant inlet flow distribution assumption 
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Appendix H Measurement Accuracy Summary 

 

Table H1 shows the measurement accuracy details of the experimental data used in this 

work. 

Table H 1 Measurement accuracy details of the experimental data [51, 49, 27, 8] 

Sl.

No 
Sensor Make Measurement Error  

1 

Temperature sensors 

used for temperature 

distribution data 

(DOC, CPF and 

Engine Exhaust) 

Watlow, K Type 

Thermocouple 

P/N: AX1078701, PT 

227664-001 (DOC), 

AX1078801 (CPF), 

ACGF00Q060U40000 

(Engine Exhaust) 

Accuracy:  2.2oC  

 

2 

Pressure sensors 

used for the pressure 

drop measurement 

across laminar flow 

element (LFE), CPF, 

DOC : ∆  LFE, ∆  

CPF  

Sensotec 

Range: 

∆  LFE : 0 to 0.5 psid 

∆  DOC : 0 to 2 psid 

∆  CPF(PO) : 0 to 10 

psid 

Accuracy:  0.25% FS 

Linearity:  0.15% FS 

Hysteresis:	  0.10% FS 

Repeatability:	  0.05% FS 

 

 

3 

Emissions 

concentration – THC 

(FID), CO (IRD), CO2 

(IRD), O2 

(Paramagnetic), NO 

and NOx (CLD)).  

Pierburg Emissions 

Bench (AMA 4000) 

Repeatability  0.5 % of 

measured value + 2x 

Detection limit 

Noise   1 % of measured 

value + 2x Detection limit 

Detection Limits: THC 30 

ppb C3, CO 125 ppb, CO2 15 

ppm, O2 15 ppm, NO and 

NO2 35 ppb  
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4 
CPF PM mass 

retained 

Ohaus Ranger Model 

35LM 

Readability  0.1g 

Repeatability  0.3 g 

Certified Readability  1g 

5 
Air flow 

measurement 
Meriam Instruments 

Accuracy: 0.72 to 0.86% of 

reading 

Repeatability: 0.1% 

6 PM Concentration 

Sampling: Anderson 

Instruments Inc  

Filter: Pall Corporation 

(WA) Weighing: Mettler 

Toledo  UMT2 

microbalance 

Sampling: 47 mm glass fiber 

PM sampling filter 

Weighing Balance: 

Readability 0.1 g 

Repeatability 0.25 g 

Linearity  1 g 
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I.1 Peer Reviewed Published Journal Papers 

 

1. Mahadevan, B.S., Johnson, J.H., and Shahbakhti, M., Development of a catalyzed 

diesel particulate filter multi-zone model for simulation of axial and radial substrate 

temperature and particulate matter distribution, Journal of Emiss. Control Sci. 

Technol., Vol. 1, pp 183-202, 2015, doi:10.1007/s40825-015-0015-x, 2015. 

2. Mahadevan, B.S., Johnson, J.H., and Shahbakhti, M., Experimental and 

Simulation Analysis of Temperature and Particulate Matter Distribution for a 

Catalyzed Diesel Particulate Filter, Journal of Emiss. Control. Sci. Technol.,Vol.1, 

pp 255-283, 2015, doi: 10.1007/s40825-015-0022-y, 2015. 

3. Mahadevan, B.S., Johnson, J.H., and Shahbakti, M., Predicting pressure drop, 

temperature and particulate matter distribution of a catalyzed diesel particulate 

filter using a multi-zone model including cake permeability, Journal of Emiss. 

Control Sci. Technol., Accepted for publication on 1st Feb 2017, doi: 

10.1007/s40825-017-0062-6, 2017. 
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Appendix J Program and Data File Summary 

J.1 Chapter 1 

File Name File Description 

\Chapter1_Introduction\Excel_Tables Chapter 1 Figure 1.1 

 

J.3 Chapter 3 

File Name File Description 

\CPF_Temp_Analysis\thermal_bl_cpf_function_call.m Chapter 3 Figure 3.9 

 

J.4 Chapter 4 

File Name File Description 

SCR-F Model 

v1.5.2_PO_B10_15_Thesis_Results\ 

results_publish.m 

Chapter 4 Figures 4.16 to 4.28 

simulation results for AR-B0-1 

experiment 

SCR-F Model 

v1.5.2_AR_B10_1_Thesis_Results\ 

results_publish.m 

Chapter 4 Figures 4.29 to 4.39 

simulation results for AR-B0-1 

experiment 

 

J.5 Chapter 5 

File Name File Description 

SCR-F Model\CPF_Estimator_ROM\ 

CPF_estimator_plots_5secs_ROM.m 

Chapter 5 Figures 5.35, 5.36, 5.38 

to  5.41, 5.43 and 5.44 simulation 

results for reduced order MPF 

model for AR-B0-1 experiment 
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J.6 Chapter 6 

File Name File Description 

SCR-F Model\CPF_Estimator_AR-B10-1\ 

Plot_Results_doc_estimator_14_Oct_2016

Chapter 6 Figures 6.5 to 6.7 

simulation results for DOC 

estimator results for AR-B0-1 

experiment 

SCR-F Model\CPF_Estimator_AR-B10-1\ 

CPF_estimator_plots_1secs_Estr.m 

Chapter 6 Figures 6.8, 6.9, 6.11 

to 6.14, 6.16, 6.18 and 6.19 

simulation results for DOC-CPF 

estimator results for AR-B0-1 

experiment 

 

J.7 Appendix A 

File Name File Description 

\Publications\Thermal_boundary_Layer\ 

Sample_calc_volume_15Sep2014.xls 
Table A 1, Figures A 1 to A 3 

 

J.7 Appendix D 

File Name File Description 

\Publications\Pressure_drop_Analysis\ 

Cake_permeability_Model_Analysis\ 

Cake_permeability_estimates_6Jan2016_PO.xls 

Figure D.1 

\Publications\Pressure_drop_Analysis\ 

Cake_permeability_Model_Analysis\ 

Cake_permeability_estimates_23Jan2016-

AR_worampup.xls 

Figure D.2 
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J.7 Appendix E 

File Name File Description 

result_extract_no_o_summary.m 

Table E. 4 Fractional PM mass 

oxidized during passive oxidation and 

active regeneration phases of all 

experiments 

result_extract_summary_allruns.m 
Table E.1 to E.3, Table E.5 to Table 

E.6 

Summary_Tables_Oct8_2016.xls 
Excel summary for Tables in Appendix 

E 

no2_o2_frac_summary.xls 

Matlab output file from 

‘result_extract_no_o_summary.m’ 

script 

fl_summary_sim_exp.xls 

Matlab output file from 

‘result_extract_summary_allruns.m’ 

script 

 

J.7 Appendix F 

File Name File Description 

SCR-F Model\All_runs\runname\ 

results_publish.m 

Chapter F Figures F.1 to F.44 

simulation results for all experiments 

 

J.8 Appendix G 

File Name File Description 

SCR-F Model\Thesis_Appendix\ 

results_publish.m 

Chapter G Figures G.1 to G.3 and 

G.4 to G.8  
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Appendix K Letters of Permission 

 

K.1 Letter of Permission for Chapter 1 

Figure 1.1 EPA emissions standard summary from dieselnet, Permission not required as 

this is data in public domain and emissions standards are developed by EPA (employees 

of the federal government). 

K.2 Letter of Permission for Chapter 2 

Figures 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.8 and 2.9.  
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Figure 2.7 
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Figure 2.10 
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Figure 2.11 

 

K.3 Letter of Permission for Chapter 3 

Permission for re-use of references 1 and 2. 
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Permission for re-use of reference 3 
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Figures 3.1,3.2, 3.3 and 3.4 

 



263 
 

 

 

K.4 Letter of Permission for Chapter 4 

Figures 4.4 

 

Figures 4.27 and 4.38 
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K.5 Letter of Permission for Chapter 5 

Refer to Chapter 3 Permissions 

K.6 Letter of Permission for Chapter 6 

Figure 6.3 
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